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This thesis concerns the analysis of three-component microearthquake 
seismograms to study jointly path effects and source parameters. Shear waves 
are incorporated into location and focal mechanism determinations in order to 
increase the usable information. Shear-wave splitting associated with seismic 
anisotropy along the raypath is identified on most recordings. 
Initially, microearthquakes associated with an active continental region 
in Central Greece are studied. The distribution of epicentres is associated with 
the main E-W trending normal fault in the locality, and their scatter confirms 
a complicated velocity structure. Although shear-wave splitting is identified, 
it is difficult to interpret because the shear waves are frequently obscured by 
extensive P-wave coda. 
The incorporation of shear waves in the focal mechanism determination 
augments the available observations in the case of small local networks, but, 
it imposes difficulties because shear waves are sensitive to the structure along 
the raypath and in particular anisotropy. A procedure is developed in order to 
identify shear-wave splitting by testing the compatibility of the observed shear 
wave polarisations with those generated by a double-couple source and, if 
splitting exists, to remove its effect in order to reconstruct the polarisation of 
the first split shear wave at the source, and hence to determine valid focal 
mechanisms for single events. 
The procedure is applied to two datasets from intraplate regions, 
Arkansas-USA and NE Brazil, in order to exploit the simplicity of 
seismograms typical of such regions. The simple waveforms from the Arkansas 
sequence reveal that two well-distributed shear waves together with P waves 
can be sufficient to determine well-constrained focal mechanisms, but more 
may be required in order to discriminate between their interpretation as unsplit 
and split shear waves. However, the proximity of raypaths in this case of 
swarm-type activity offers the opportunity to extend the interpretation derived 
from one event to other events which may have too few observations to 
confirm anisotropy from the focal mechanism procedure. The results reveal 
strike-slip focal mechanisms with the P axis oriented NE-SW which is 
consistent with the regional stress field. 
The NE Brazil dataset, reveals shallow seismicity concentrated in three 
tight clusters. Shear-wave splitting is observed with the fast shear wave aligned 
approximately N-S. This agrees with previous observations at a single three-
component station, but is inconsistent with conventional interpretation in terms 
of fluid filled cracks aligned with the known axis of maximum compressive 
stress; this would require an E-W alignment. It may be that the anisotropy is 
instead intrinsic to the rock fabric, possibly associated with known north-south 
Precambrian ductile shear zones. One well-constrained focal mechanism was 
obtained assuming the validity of the shear-wave splitting interpretation. The 
mechanism reveals an almost horizontal strike-slip fault plane, trending NW-
SE, with a N-S oriented P axis, which contradicts other studies which reveal 
an E-W oriented P axis. 
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CHAPTER 1 
INTRODUCTION 
1.1 OBJECTIVES OF THIS STUDY AND LA YO UT OF THESIS 
Most seismological research has been concerned with the analysis and 
interpretation of P waves in order to obtain information about earthquake 
rupture and velocity structure in the sampled region. Recent sophisticated 
instrumentation offers the opportunity to study shear waves and to exploit the 
enormous information contained in the shear wavetrain, in order to constrain 
the source radiation pattern, especially when inadequate recordings are 
available, and to obtain information about the 31) structure along the sampled 
ray paths. 
When three-component recordings at high sampling rates have been 
available, shear-wave splitting—two shear waves separated in time with almost 
orthogonal polarisations—has been observed and reported above small 
earthquakes and in sedimentary basins. It has been associated with the 
existence of anisotropic structure along the ray paths. Suitable seismological 
experiments have been set up in areas that are vulnerable to large earthquakes 
in order to observe and interpret the phenomenon, and to test the idea that 
temporal variations of the characteristics of the shear-wave splitting—in 
particular the polarisation of the first split shear wave and the time delay 
between the two split shear waves—may reveal information about the 
fluctuation of the stress level. 
The initial objective of this study was the analysis and interpretation of 
three-component recordings of small local earthquakes from a back-arc region 
in the Almiros region, Central Greece, in order to identify the main faulting 
in the area, to monitor the local stress field, to identify shear-wave splitting 
and to examine the shear-wave splitting characteristics for possible temporal 
variations precursory to mainshocks. It was for this purpose that the Almiros 
seismic network was deployed under CEC Contract EPOC-CT91-0043 (DTEE). 
However, the existence of a complex velocity structure in the area made it 
difficult to analyse and interpret the shear-wave recordings which were 
frequently obscured by the extensive P-wave coda. The incorporation of shear- 
FA 
wave information was essential in the determination of the hypocentral 
locations and focal mechanisms because the network comprised only six 
stations, with even fewer recordings than this at times, due to faulty operation 
of some stations. Nevertheless, the incorporation of shear waves imposes 
difficulties in the determination of focal mechanisms, because shear waves are 
more sensitive to structure along the ray path, and therefore the shear-wave 
polarisation at the source is masked by path effects that should be considered 
and removed. 
In this thesis, a new method is developed in order to confirm the 
identification of shear-wave splitting during the determination of focal 
mechanisms. This is done by testing the compatibility of the observations with 
a double-couple source radiation pattern, and to allow for it if it exists, in 
order to obtain valid focal mechanisms. The method has been applied and 
tested to microearthquakes in stable tectonic regions, in Arkansas-USA and 
Brazil, where the simple recordings and impulsive phases ensure reliable and 
well-constrained measurements which are less affected by path complexities 
The results show that shear-wave splitting can be identified on the particle 
motion diagrams and confirmed during the focal mechanism determination; 
consequently valid focal mechanisms can be determined for individual 
earthquakes. 
Chapter 2 illustrates the geological and tectonic regime in a back-arc 
region in Central Greece, which is very active seismically and is prone to large 
earthquakes. The interest is usually focused in such areas of high seismicity 
because the likelihood of large events offers the opportunity to monitor the 
fluctuation of the stress level before large earthquakes. The aim of the Almiros 
project was to test the idea that the local stress field could be monitored by 
examining the temporal variations of the shear-wave splitting characteristics 
and associate them, if possible, with changes in the characteristics of the small 
scale anisotropy along the ray paths. 
In Chapter 3, the procedure for locating the earthquakes in the Almiros 
region is illustrated. All the difficulties are confronted in an attempt to obtain 
accurate locations, which are very important in identifying the fault lineations 
and properties of the area. The results are interpreted and linked to the 
geological and tectonic frame of the area and other recent geophysical and 
seismological studies. 
In Chapter 4, shear-wave splitting is identified and the polarisation of 
the first split shear wave and the time delay between the two split shear waves 
are measured. The azimuthal distribution of the polarisation of the first split 
shear wave might be attributed to the existence of a fault, or the distribution 
of small scale fractures aligned by the present stress field, or it could be the 
source polarisation that is recorded intact on the seismograms. Therefore it is 
important to have a picture of the fault lineations in the area and knowledge 
of the source radiation pattern of individual events, in order to interpret the 
distributions of the polarisations of the first split shear wave. The results are 
seen within the framework of the local stress field and faulting. In this tectonic 
terrain, is it possible to interpret the results and to distinguish between the 
different scale path effects (large scale fractures or microcracks) on the 
recordings? The synthesis of all the information related to the area—the results 
of a tomographic study, a magnetotelluric study and focal mechanisms 
determined from P-wave onsets from a wider regional network—attempts to 
answer the above question, and the need to invent a method for determining 
focal mechanisms in the presence of shear-wave splitting arises. 
In Chapter 5, a new method is presented for identifying shear-wave 
splitting independently by examining the compatibility of the observed shear-
wave polarisations with the calculated polarisations from a double-couple 
source mechanism, and the procedure for removing the shear-wave splitting 
effect in order to reconstruct the shear-wave polarisation at the source and 
determine a valid focal mechanism is outlined. 
In Chapter 6 the method is applied to a dataset from a shield region, 
Arkansas-USA, and the results reveal that the incorporation of two well-
distributed and impulsive shear waves can, in some circumstances, be 
sufficient to identify shear-wave splitting and determine well-constrained focal 
mechanisms of individual events. The method has been tested on recordings 
from steep ray paths in the Arkansas region in order to avoid the interference 
of other phases with the shear-wave onset, and the focal mechanism results are 
compared with previous studies. 
Chapter 7 presents the results of the location procedure, the shear-
wave splitting analysis and the application of the procedure developed in 
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Chapter 5, to a dataset from a shield region, with a simple velocity structure. 
Shear-wave splitting is identified and the azimuthal distribution of the faster 
split shear wave is correlated with previous results and the tectonic regime in 
the area. The procedure for determining focal mechanisms in the presence of 
anisotropy is applied to one event which provides adequate recordings, and the 
results are related to previous focal mechanism studies. 
Chapter 8 relates the problems that arose throughout the study and 
how they were approached, together with the conclusions, new questions that 
arose and suggestions for further study. 
PC 
CHAPTER 2 
THE ALMIROS NETWORK AND ITS GEOLOGICAL AND TECTONIC 
SETTING 
2.1 INTRODUCTION 
The ALmiros NETwork (ALNET) operated for a continuous period of 
eighteen months in order to study spatial and temporal patterns and analyse the 
behaviour of the shear waves. Figure 2.1 a shows the location of the Almiros 
region in the framework of the main geomorphological features of Greece. 
ALNET formed part of a collaborative project, aiming at obtaining information 
on the seismicity, the prevailing stresses in the broader region, detecting 
precursory phenomena and identifying their relationship with the changes 
before and after a major earthquake. The selection of the area was based on 
the knowledge of its seismic history and previous studies, which concluded 
that the region was likely to experience a large earthquake. 
According to the seismic hazard study of Drakopoulos and 
Makropoulos (1983), the Almiros region lies in a zone of shallow seismicity, 
which is confirmed by the analysis of the ALNET data (Chapter 3), where a 
major earthquake of M=7 is expected in the next 100 years. Recent studies 
(Papazachos et al., 1992) in the broader area of southern Thessalia suggest that 
a major earthquake with magnitude greater than 5.5 is likely to occur within 
the next decade. 
The most recent significant earthquakes in the area occurred in 1980 
July 9 and 1985 April 30 with magnitudes M,=6.5 and M=5.6 respectively. 
The 1980 July 9 earthquake with its foreshocks and aftershocks is considered 
to be part of a seismicity pattern migrating southwards between 1978 and 1980 
(Papazachos et al., 1983). The 1980 seismic sequence in the Magnesia region 
was preceded by a seismic sequence in north Greece, and was followed by 
another seismic sequence in Central Greece. The focal properties of the major 
earthquakes within these sequences display striking similarities and these three 
seismic sequences are associated with graben caused by extensional stresses. 
It is important to bear in mind that the Almiros region of Central 
Greece is located in the Aegean back-arc region (Figure 2.1 a) which is mainly 
a N-S extensional tectonic regime (Figure 2.1b) with a very high extension rate 
(c. 60 mm/yr) and strain rates (c. 4x10' 5 s') (Jackson and McKenzie, 1988). 
In this chapter the setup of the ALNET network during the fieldwork 
in June 1992 is described with the operational parameters of the recording 
systems and the changes in configuration. The geological and tectonic setting 
of the Almiros region, and the fault characteristics, as deduced from recent 
seismological studies in the area, are outlined. The most recent research on the 
expected fault geometry in the frame of extensional tectonic regimes is 
reviewed. 
2.2 THE ALNET NETWORK 
ALNET consisted of five three-component stations and one vertical 
component station (AL6) (Figure 2.2 and Table 2.1), using Wilimore Mk III 
seismometers with a resonant frequency of 1 Hz and 0.7 damping constant. 
Initially, these were located at AL 1-6. A previous study of the seismicity 
pattern in the broader area gave the location of an earthquake swarm in the 
Almiros basin, which was then selected as the study area for analysing the 
behaviour of shear waves. We have designed the network according to the 
following limitations: 
The stations should not be positioned on the alluvial deposits of the Almiros 
basin, which would give complex seismic signals. They should be located on 
bedrock to achieve good seismometer coupling to the ground, and with line of 
sight to the base station in the town of Almiros to ensure transmission of 
signals by telemetry. 
The spacing of the stations should be large enough to cover the seismic area 
and give accurate locations, and yet be small enough to ensure that at least one 
three-component station would record seismic waves with angle of incidence 
less than about 40° (see Chapter 4). The estimation of the station spacing was 
initially made by considering the seismicity detected by a regional network in 
the area, VOLNET, which operated in 1983-1984 (Figure 2.3). Based on the 
conclusions of Burton et al. (1991), the seismogenic zone extends down to 
about 30 km, showing a high density of epicentres at about 20 km, and 
therefore it was judged that the station separation should be less than 20 km 
in order to fulfil criterion 2. However, the hypocentral depths of the events 
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Figure 2.1: a) Main geomorphological features of Greece (after Allen and Morelli, 
1971; Agarwal et al., 1976). The Almiros region (marked as a box) is located in the 
Aegean back-arc area. b) Stress field pattern in Greece. Continuous lines indicate 
compression and dashed lines tension (after Berckhemer, 1977). The Almiros region 
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TABLE 2.1 Station locations of the Almiros network (ALNET) 
STATION NAME LAT. (°) LON. .(°) Height 
ALl 39.14 22.73 400 
AL2 39.16 22.63 300 
AU 39.23 22.67 260 
AL4 39.28 22.73 200 
AL5 39.28 22.80 140 
AL6 39.12 22.87 60 
AU 39.28 22.78 120 
AL8 39.29 22.83 110 
Figure 2.2: The locations of the ALNET stations. 
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Figure 2.3: Schematic of Volos regional solid geology. Unshaded land area: Larisa, 
Volos and Almiros basins: alluvial and colluvial deposits. Stipled area: unconsolidated. 
Horizontal hatching: limestone. The towns of Almiros, Nea Anghialos and Volos are 
marked by the letters A, NA and V respectively (filled squares). 
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detected by the ALNET network were shallower, and therefore, a lot of events 
had angles of incidence greater than 400  to all stations. 
3. The sites should be in areas which are flat compared with the expected 
wavelength in order to avoid the shear-wave polarisations being distorted by 
the local topography. 
The digital outstations transmitted data by UHF radio link to the base 
station at Almiros, and the data were recorded by both analogue and digital 
recording systems with 45dB and 72dB dynamic range respectively. A 
Geostore recording system was used as a backup to a Seislog digital system. 
The Geostore recorded ten out of the 16 seismic channels, leaving two 
channels for recording the internal time signal and the DCF external time 
signal. It recorded continuously on magnetic tapes and the speed (15/160 
in/sec) was selected to suit the data bandwidth (up to 30 Hz). Each tape lasted 
for approximately 3.5 days. 
The digital system operated at 100 samples/sec in an event-triggered 
mode, where recording was triggered by an STAILTA algorithm operating on 
the signals from specified stations over a time window set to ensure the 
capture of the slowest signal of interest crossing the network. The data were 
initially stored onto a small-capacity (40Mb) storage disk in compact binary 
format and were downloaded through a telephone line. The relatively high 
seismicity (averaging 10 events/day) demanded downloading of the data every 
three days to avoid filling up the disk. I downloaded the data to a PC in 
Athens University during the summer 1992 and stored it into high density 
streamer cassettes. The same procedure was followed by colleagues in Athens 
University till January 1993 and then the disk was replaced by a large-capacity 
(400 Mb) portable disk, avoiding using the telephone lines which were 
expensive and created problems in transferring the data. The data were then 
downloaded during maintenance visits, approximately every four months. 
Appendix 1 provides more information about the instrumentation of the 
outstations and the recording systems at the base station. 
The polarities and orientations of the seismometers were checked by 
comparing the predicted and observed azimuths from well-recorded events. The 
observations were made on particle motion diagrams and the results revealed 
that the NS component of AD was displayed as EW on the three-component 
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seismograms of the station. Figure 2.4 shows an example. The fault was 
remedied (see Table 2.2) and the previous files were corrected by 
interchanging the headers of the NS and EW components of AU station. 
Inspection of the seismograms revealed some saturated records (Figure 
2.5) and therefore the gain was reduced to provide seismograms suitable for 
determining the magnitudes (Table 2.2). 
Network operation has not been entirely trouble-free. Table 2.2 gives 
operational information for the network during the period June 1992-June 
1994. After three months of recording, it was evident that most of the seismic 
activity was concentrated close to stations AL4 and AL5, and therefore station 
AL2 was repositioned to sample most of the active seismic zone with 
additional propagation paths. During the network's operation other stations 
were repositioned because they had been vandalised (Table 2.2). 
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Figure 2.4: Example showing error in seismometer polarity, a) The azimuth from the 
station to the epicentre, according to the location (Table A2. 1), indicates that the 
earthquake is located NW of the station. However, the first motions on the three 
components suggest that the earthquake is located SE of the station. It was concluded 
that the NS and EW components were swapped which did not affect the location 




Figure 2.5: a) Recorded quarry blasts gave saturated seismograms, particular at station AL 1 
which was located within 8 km to the quarry site. b) The gain was lowered to avoid saturated 
records. 
2.3 GEOLOGICAL AND TECTONIC SETTING OF THE ALMIROS 
REGION 
The ALNET seismic stations were installed on bedrock around the 
Almiros basin which is bounded by fractures trending NNE- to the north and 
SE- to the south (Figure 2.6). The structure is a graben, being controlled to the 
north by the Nea Anghialos Fault (NAF). To the south, the graben is controlled 
by antithetic faulting (Burton etal., 1991). More detailed information from the 
most recent studies about the characteristics of the basin and the main faulting 
in the area follows in the next section. 
2.3.1 CHARACTERISTICS OF THE ALMIROS BASIN 
The compilation and interpretation of satellite features and airphoto 
lineaments reveal the major fault zones in the area (Cratchley et al., 1983) 
which are shown in Figure 2.6. The major tectonic lines appear to be: 
A complex fault zone to the north of the Almiros basin, trending ENE and 
extending to 50 km length, includes the Nea Anghialos Fault which was 
associated with the earthquake of 1980. 
SE trending faults to the south of the Almiros basin. 
Within the basin itself, NE- to E-trending lineaments interpreted from satellite 
imagery are evidenced which have not been verified on the ground and 
possibly relate to buried faults. Moreover, to the south, apart from the main 
SE-trending fractures, northeasterly-trending lineaments are noted on the 
satellite image. 
The results of a gravity survey (Cratchley et al., 1983) showed a 
negative Bouguer anomaly of at least 15 mGal occurring over the basin which 
has been attributed to the density contrast between the light sediments that fill 
the basin and the bedrock that surrounds it. Some of the Bouguer anomaly 
could be due to different rock compositions of the basement but this has not 
been verified by any borehole experiment. Therefore, assuming uniform rock 
composition of the basement, the profile reveals that the basin is deeper to the 
north, and this has also been supported by resistivity studies, giving a 
maximum sediment thickness of 800 in in the north. 
The quantitative and qualitative structural analysis of Caputo and 
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Figure 2.6: Main fractures in the Volos-Atalandi region compiled from satellite 
imagery and aerial photography (after Cratchley et al., 1983). 
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Pavlides (1993), based on stratigraphic, sedimentological, morphotectonic and 
seismological data, revealed the tectonic phases that the area has undergone. 
The most recent phase (Middle Pleistocene-present) is characterised by a N-S 
extensional regime which generated E-W trending basins superimposed on 
older tectonic features, and a second order WNW-ESE directed extensional 
stress field is occasionally observed in central and northern Greece which 
could be attributed to local events or a block rotation deformation (Figure 2.7). 
The existence of the main phase has been further confirmed from both 
quantitative structural analyses (Mercier et al., 1979, 1989; Le Pichon and 
Angelier, 1979; Mercier, 1981; Lyberis, 1984; Caputo and Pavlides, 1991) and 
from focal mechanisms of great earthquakes (McKenzie, 1978; Papadopoulos 
et al., 1986; Taymaz et al., 1991, Papazachos et al., 1991). The first-order 
stress field agrees with the results from focal mechanisms and the observed 
almost E-W trending ground ruptures after the 1980 earthquake, and the 
second order stress field has been related to a second set of ground ruptures, 
trending NE-SW, associated with the 1980 earthquake (Papazachos et al., 
1983). 
A tomographic study, using local data, has been carried out to 
investigate the velocity structure in the area which is highly heterogeneous 
(Ligdas, 1993). The results are given in Figure 2.8. The basin is revealed as 
a low velocity anomaly in the southern part of the network, in the top-most 
layer. The vertical resolution of velocity anomaly is no better than 1 km 
because of the incomplete distribution of raypaths at very shallow depths, and 
therefore it is difficult to resolve velocity anomalies attributed to the sediments 
that fill the Almiros basin which is no deeper than 800 m. From 1 km down 
to 7 km depth, where most of the seismicity occurs, the study volume is better 
illuminated with raypaths and the results are more reliable indicating relatively 
higher velocities underlying the basin. The seismicity related to the NAF lies 
mainly within structures which are characterised by relatively higher velocities 
or no velocity anomalies. In the broader region and within the same depth 
profile, low-velocity anomalies to the north (Volos basin) and high-velocity 
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Figure 2.7: a) Sites of structural analysis, focal mechanisms and stress in-situ 
measurements showing the Middle Pleistocene-present N-S oriented extensional 
phase. The major structures probably activated are represented by thicker lines. 
Arrows indicate direction of extension for each site. The principal stress axes 
and their average are shown in the stereonet; triangles=c 1 ; crosses= 2 ; 
circles=a3 . b) Sites of structural analysis showing the local and/or Late Miocene 
(?)NW-SE oriented extension. Arrows indicate the direction of extension for 
each site computed. The location marked as A is the Almiros town (after 
Caputo and Pavlides, 1993). 
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2.3.2 CHARACTERISTICS OF THE NEA ANGHIALOS FAULT 
The NAF strikes ENE-WSW forming the northern boundary of the 
Almiros basin and the Pagasitikos gulf. It outcrops near the coastal town of 
Nea Anghialos and continues eastwards beneath the Pagasitikos Gulf. The 
analysis of microseismicity recorded by a regional network, VOLNET, during 
1983-1984 clarified the characteristics of the fault zone (Burton et al., 1991). 
The NAF is believed to be composed of two segments, one forming the 
northern boundary of the Almiros basin and the other the northern boundary 
of the Pagasitikos Gulf. These two segments form two blocks, the block of the 
Almiros basin and the Pagasitikos Gulf, which are about 40 km long and 29 
km wide, being separated by an aseismic barrier that is 5.5 km wide. The 
eastern block is more heterogeneous than the western one and it is subsiding 
at a rate of about six times that of the western block (Figure 2.9). Studies on 
the source parameters of VOLNET-recorded earthquakes with magnitudes 
ranging between 1.5-3.2 ML (Burton et al., 1991) reveal that the 
microseismicity in the area is a source of continuous strain energy release 
which implies high b values, and therefore no large earthquakes are expected 
to occur in the area. Indeed, there are no earthquakes in the area with a 
magnitude greater than M=7.0 reported over the last 200 years and the 
maximum length of the fault segments appears to be 15-20 km (Ambraseys 
and Jackson, 1990). 
The analysis of the seismic sequence in 1980 (Papazachos et al., 1983) 
reveals the existence of an E-W trending normal fault to the north of the 
Almiros basin that dips 41° SSE. The field observations show that the dip of 
the fault at the surface is about 70° SSE, indicating that it is a listric fault. The 
latter observations agree with the seismicity pattern recorded by the ALNET 
network and analysed in this study (see Chapter 3). This fault can also be seen 
on the LANDSAT-1 satellite photographs (Biju-Duval et al., 1976) and is 
related to the formation of the Gulf in the Quaternary period. The 
interpretation of Burton et al. (1991), when combined with the topographical 
features of the Almiros basin and the Pagasitikos Gulf, confirmed the existence 
of a main fault to the north, but also revealed an antithetic fault to the south. 
It is also confirmed that the dip of the main fault decreases with depth as is 
ha 
Figure 2.9: Main blocks of the Nea Anghialos fault and their relative subsidence (after 
Burton et al., 1991). 
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predicted by laboratory experiments for such tectonic structures (Horsefield, 
1977). The results predicted that steep basement faults produce single normal 
faults, whereas low-angle basement faults produce normal and antithetic faults 
at shallow depth in a graben-like system. The seismicity becomes diffuse 
below 9 km depth, suggesting that macroscopically plastic deformation 
predominates below 9 km. 
In summary, different studies associated with the Nea Anghialos fault 
reveal a system consisting of a main and antithetic fault that control the whole 
graben structure in the area. The main fault to the north, the NAF, dips 
towards the south and seems to flatten with depth. It is comprised of two 
segments separated by an aseismic barrier, with the eastern segment being 
more heterogeneous than the western one. Therefore the broken fault controls 
two blocks in the area that subside at different rates, one associated with the 
Almiros basin and the other with the Pagasitikos Gulf. 
2.4 THE PREDICTED FAULT GEOMETRY IN CENTRAL GREECE - A 
REGION UNDER EXTENSION 
The fault geometry of the NAF has already been described as deduced 
from the analysis of the seismic sequence in 1980 and the microseismic 
analysis in 1983-1984. How does this geometry relate to the fault pattern 
expected in this tectonic framework? 
The general structural pattern that one observes in Central Greece is 
groups of normal faults with parallel strike and there is an implication of the 
coexistence of main and antithetic faults in the area of the Almiros basin. What 
are the models that justify these observations? 
According to Jackson and McKenzie (1983) most normal faults are 
concave upwards, and this could be attributed to the variation of rheology with 
depth due to increasing temperature. Brittle failure at shallow depths produces 
less fault rotation than does distributed creep at the lower part of the crust. The 
slip vector in the ductile layer differs from the slip vector at the surface, 
resulting in antithetic faulting and internal hanging wall seismicity. These 
features of normal faulting have been notified in the microearthquake study of 
Burton et al. (1991) of the NAF fault zone, and is confirmed by the present 
study (Chapter 3). 
I 
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A common feature of normal faults is that they exist in groups in which 
all the faults dip in the same direction. This 'domino' model requires rotation 
of the faults and the blocks they bound, about a horizontal axis (Jackson, 
1987). Figure 2.10a shows that if rotation is not considered as part of the 
deformation process then the overall result cannot be pure shear (that is, crustal 
thinning and stretching). Moreover, in the case of simple shear a gravity 
anomaly would be observed, which it is not. 
Another feature of this type of deformation, proposed by McKenzie and 
Jackson (1986), is that rotation about a vertical axis occurs in such sets of 
faults. Figure 2.10b shows that the relative motion between two plates, white 
arrow, results in movement of the blocks (or faults) normal and parallel to the 
strike of the blocks. This could explain the left-lateral movement observed in 
such fault systems in Greece and possibly a small left-lateral movement 
observed in the NAF (Papazachos et al., 1983). Similarly, a recent study that 
combined the results of a magnetotelluric (MT), Geomagnetic Deep Soundings 
(GDS) and seismotectonic analysis in the area (Tzanis et al., 1994), revealed 
the existence of a normal, left-lateral 'bookshelf faulting of NW-SE 
orientation, dipping to NNE, at the east, leading possibly to dextral block 
rotations, and E-W to WSW-ENE oriented fault planes dipping to SSE, at the 
west (Figure 2.11). The boundary between the east sector, which comprises 
dextral rotating fault-bounded blocks, and the rigid west sector, possibly 
accommodates a NNE-SSW oriented shear zone. This is evident from the 
existence of shallow (1-20 km) NNE-SSW oriented conductors in the vicinity 
of AL4. 
To summarise, most normal faults become concave upwards when the 
region is under extension and this can be explained by the variation of 
rheology with depth. The slip vector at the surface differs from this in the 
ductile layer, resulting in antithetic faulting and internal hanging wall 
deformation. Normal faults occur in groups and there are two main features of 
this type of deformation: rotation about a horizontal axis resulting in crustal 
thinning and extension, and rotation about a vertical axis, resulting to dextral 
block rotation and the observed left-lateral motion in normal faults. 
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Figure 2.10: a)Overall pure shear, resulting in crustal thinning and extension, can be 
achieved by a combination of simple shear and rotation (after Jackson, 1987). b) The 
block model suggested by McKenzie and Jackson (1986). The motion of plate 1 
relative to plate 2 is given by the large white arrow. The slip vector between the 
adjacent blocks is shown by the large black arrow, and involves both normal and left-
lateral strike-slip motion. The blocks rotate in a clockwise direction (after McKenzie 
and Jackson, 1986). 
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Figure 2.11: The focal mechanisms of microearthquakes (after Tzanis etal., 1994) in 
the area imply the existence of NW-SE oriented normal, left-lateral group of faults at 
the east, and E-W oriented faults at the west. The fault bounded blocks at the east 
possibly rotate in a clockwise direction. The existence of NE-SW oriented electrical 
conductors at the boundary of these sectors could be attributed to the interaction of 
the rotating east segment and the rigid west segment. The lines in the figure mark the 
direction of the main fractures in the area, as inferred from the focal mechanisms. 
Their length is arbitrary. 
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2.5 SUMMARY 
The broad area of the Aegean is characterised by a N-S extensional 
regime which has existed since the Middle Pleistocene era. This has resulted 
in the formation of E-W trending basins superimposed on earlier structures. 
The Almiros basin is one of these new structures and is bounded by the NAF 
in the north and SE- trending structures in the south. The basin is deepest in 
the north, where the depth is approximately 800m. 
The NAF is a listric fault, whose hanging wall is segmented into two 
blocks with different degrees of homogeneity and rates of subsidence. The 
microseismicity associated with it, is the main source of strain release. There 
are indications that its diffused seismicity is due to internal deformation of the 
hanging wall blocks as predicted by modelling. 
CHAPTER 3 
DATA ANALYSIS AND SEISMICITY PATTERN FOR THE ALMIROS 
NETWORK 
3.1 INTRODUCTION 
We installed ALNET during the fieldwork in June 1992, and ten 
months' data were analysed to obtain the seismicity in the Almiros area, to 
trace the fault lineations, and extract information about the seismogenic zone. 
In this chapter the method of data acquisition and processing is 
described, and the results of hypocentre location work, using initially a ID 
velocity model, are shown. Tests of the ID velocity model revealed the need 
to use a 3D velocity model and the results of a preliminary tomographic study 
are presented. The method to determine the local magnitudes is described and 
the analysis of the results is shown. Finally, the best located events are used 
to identify any fault lineations and determine their characteristics. 
Doublets—earthquakes with identical or similar seismograms—have been 
recorded repeatedly throughout the network's operation and they are identified 
and used as another way to test the location accuracy and how well the 
velocity model describes the area. The results are correlated with previous 
information (Chapter 2) and results from other, more recent, studies in the 
area in order to improve knowledge of the tectonics and seismological 
characteristics of the region. 
3.2 DATA ANALYSIS 
The method of data acquisition is described in Appendix 1. The data 
that I retrieved, either in compressed ASCII format from the SEISLOG data 
acquisition system or in ADC format from the digitisation of the tapes, were 
converted to the SEISNOR format described by Havskov (1995), suitable for 
analysing the data with the available software. 
The analysed data covered the period June 1992-January 1993 and 
September-October 1993. It was decided to analyse the seismicity during these 
last two months in order to identify and study the shear-wave splitting at the 
new station AL8, and compare the results with those from the nearby stations. 
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Digitally recorded data were analysed, except for June and July 1992, 
when the digital system was out of order and analogue data were used. In the 
course of processing the analogue data, fourteen tapes were subjected to an 
audio search in order to select the events of interest and identify their 
approximate arrival times, using the time decoder that decodes the VELA 
timecode of the internal Geostore clock. When a local event was detected, its 
playout was produced on paper using the Store 14 FM tape replay and the 16 
channel Mingograf jet pen recorder running at high speed. The duration of the 
event was measured from the playout, and an input file of arrival times and 
durations was made in order to digitise the events using a PDP1 I 
microcomputer. The tape was loaded on the Store 14 which was connected to 
the digitising system. The events were digitised at a rate of 100 samples per 
second and the data files were transferred to the VAX. The Geostore clock is 
not precise enough as it drifts with time. The program ADDTIM decodes and 
compares the VELA timecode of the internal Geostore clock and the external 
time signal of DCF. A new ADC event file is created with the time difference 
marked on its header. The ADC event files were then converted to the 
SEISNOR format. 
Among all the events recorded both on the Geostore tapes and the 
SEISLOG recording system, the events that have an S-P time difference of less 
than 3 seconds were considered local events and selected for digitisation and 
data processing as follows. 
About 830 local events were analysed using the SPS picking program. 
The reading error for the P-wave onset is estimated to be ±0.05s. Whenever 
possible, the direction of the first motion of the P-wave arrival was assigned, 
which can be either a compression (up) or dilatation (down). The S-wave onset 
is usually more difficult to pick as it is obscured by either the preceding P-
wave coda or another phase, and therefore the reading error is estimated to be 
±0. is. Only a few cases of impulsive shear-wave onsets could be identified and 
usually no first motion could be assigned. A quality weighting on a five-point 
scale is applied to assign the degree of confidence to all phase readings, for 
use in the location program HYP071. The weights of 0,1,2,3,4 imply phase 
data accuracy of 0.02s, 0.02-0.05s, 0.05-0.1s, 0.1-0.5s and :':~0.5s respectively. 
The maximum peak-to-peak S-wave amplitude of the two horizontal 
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components was measured after removing the system's response in order to 
determine the local magnitude. 
Quarry blasts were recorded and identified mainly from upward P-wave 
first motions recorded by most of the stations; the origin time of the event, 
usually near midday, and the waveforms which have a repeated pattern for 
blasts from the same quarry. Figure 3.1 shows the location of the quarry sites 
and Figure 3.2 shows two examples of quarry blasts recorded from the quarry 
site 1 in order to visualise the similarity of all the recordings at each station. 
The examination of the ALNET recordings reveals a wide variation in 
waveform and degree of complexity at different stations. Recordings from the 
same stations also show a variety in P-wave coda characteristics for different 
azimuths. A brief look at the seismograms at all stations reveals that the 
stations at the south and west of the network (ALl, AL2, AD and AL6) 
display simpler waveforms, with station AU giving the simpler seismograms 
and quite frequently impulsive S waves. The stations at the north (AL4, AL5, 
AL7 and AL8) display more complicated seismograms with extended P-wave 
coda, often of large amplitude, with station AL5 recording signals so complex 
that it is often difficult to pick the S-wave onset. Moreover, high-quality 
records at the northern stations are normally associated with weak recordings 
at the stations to the south and vice versa; this is due to the semicircular shape 
of the network. 
3.3 HYPOCENTRE LOCATIONS 
The earthquake locations were initially calculated using HYP07 1, using 
a velocity model previously used in calculating the earthquake locations in the 
broader region of Volos during an experiment in 1983-1984. This velocity 
model (Table 3.1) was adapted from Makris' (1977) refraction interpretation 
of the structure of Evvoia (Figure 2.3). A starting depth of 10 km, which is 
suitable for the events in the area, and a Vp/Vs ratio of 1.73 (Poisson's ratio 
of 0.25) were used. Figure 3.3 (a and b) shows respectively the locations of the 
earthquakes and quarry blasts from the main quarry site marked as 1 in Figure 
3.1. Only the earthquakes that have an RMS travel time residual of less than 
0. Is are used. 
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Figure 3.1: Location of quarry sites: 1 and 2 are quarry and stone crushing sites, 
respectively, and site 3 is a small quarry site with two working faces. 
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Figure 3.2: Two events identified as quarry blasts (quarry site 1). The seismograms 
are similar for all events at each station and the recording signal rapidly attenuates at 
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Figure 3.3: Locations with the Makris velocity model, a) Earthquakes and b) quarry 
blasts, with RMS:5 0.1s. 
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the quarry blasts (Figure 3.3b) was an indication that the velocity model was 
not wholly appropriate. A single-station GPS measurement gives about ± 10 in 
accuracy in depth, which is an order of magnitude better than the station 
locations (±100 m). The average deviation of the locations of the quarry blasts 
from the actual location of the quarry is about 8 km and 10 km in epicentral 
distance and depth, respectively. In order to estimate the accuracy of locations, 
phase arrivals of an event near the centre of the seismicity were chosen and 
this event was located 100 times with a maximum random perturbation of the 
P readings of 0.05s and 0. Is for the S, reflecting the degree of uncertainty. The 
hypocentre distribution of all relocated events provides an indication of the 
location errors. Random variations of up to 10% of the values of the layer 
velocities and layer depths were included in a similar process, where the P and 
S readings were fixed. One standard deviation includes 68% of the perturbed 
locations assuming a normal distribution, and is given as the radius of the error 
circle in epicentre and depth. The scatter in the locations was not significant 
when only the P and S readings were perturbed. The errors were large when 
the velocity model was changed (Figure 3.4a and b). Consequently, it was 
considered that an inversion study would improve both the velocity model and 
the hypocentre locations. 
Ligdas (1993) used a 3D velocity model obtained by tomographic 
inversion of the ALNET data for the period June 1992-January 1993, to 
relocate the earthquakes. Initially, the events were located using an ID multi-
layered velocity model (Table 3.2) which was different from the Makris 
velocity model, because the latter describes the velocity structure within the 
depth range of interest (most of the seismicity is concentrated in the top 5-10 
km) as a halfspace, which is clearly not realistic for the area. The multi-
layered model was chosen after taking into account the separation distance 
between the stations (1 1km for neighbouring stations) and the maximum depth 
(-20km) as derived from the initial locations with the Makris velocity model. 
Various multi-layered models have been tested, and the one that gave the 
smallest RMS was chosen. Events with horizontal and vertical errors greater 
than 3 km and 2km respectively, with epicentral distance greater than 15 km 
and a large value of the Gap parameter (Gap is the largest azimuthal separation 
in degrees between stations) were excluded. In practice all events at the edges 
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Figure 3.4: Error analysis. An event from the centre of seismic activity 
was selected and relocated 100 times, using HYP07 1, in order to 
establish the accuracy of the hypocentres when a) the P and S phase 
readings were allowed to fluctuate by ±0.05s and ±0.ls respectively, 
reflecting the degree of reading error and b) the velocity structure was 
perturbed by 10%. The large scatter of epicentres in the case b) showed 
that the Makris velocity model was not appropriate to describe the 
velocity structure in the area. 
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TABLE 3.1 AVERAGE VELOCITY STRUCTURE AFTER MAKRIS (1977) 





TABLE 3.2 10 MULTI-LAYERED VELOCITY MODEL (MODEL1) 













of the network, were discarded at this stage. 
This dataset was used by Ligdas (1993) to determine the 3D velocity 
model with the tomographic technique, and to relocate the events. Figure 3.5 
shows the best located events with the Makris velocity model, the ID multi-
layered model (Modell) and the 3D velocity model for the time period 
between June 1992 and January 1993. The quarry blasts are included in the 
figures in order to present their successively better constraint throughout the 
whole location analysis. Figure 3.6 shows the hypocentre locations of the 
events during September and October 1993, using the multi-layered velocity 
model. To summarise, only the best available location results are used 
throughout this study, which are the results using the 3D velocity model for 
the period June 1992-January 1993 and the ID multi-layered velocity model 
for September and October 1993. Figure 3.7 (a, b, c and d) shows the 
frequency distribution of depth, Gap, minimum epicentral distance and RMS 
respectively, for the Makris, 1D multi-layered and 3D velocity models, and the 
mean values of these features are marked on the graphs. The whole procedure 
relocated the seismic activity to shallower depths and the Gap, minimum 
epicentral distance and RMS were reduced. Table A2.1 is a list of the 
hypocentre solutions for all the events studied, using the 3D velocity model. 
Quarry blasts are included and marked in the list. Additionally, Table A2.2 
presents the hypocentre locations for the time period between September and 
October 1993, using the 1D multi-layered velocity model. Quarry blasts are 
marked. 
Apart from the location errors which are due to reading errors of the 
arrival times and an inappropriate crustal velocity model, there are errors 
introduced because the anisotropy is not taken into account. It has been shown 
(Doyle et al., 1982) that, if velocity anisotropy is ignored in regions where it 
is present, the hypocentre results can be erroneous and misleading. More 
specifically Doyle et al. (1982) have shown that a migration of the foci from 
the true fault plane can be due to the presence of anisotropy which introduces 
errors into the P- and S-wave travel times, and therefore into the location 
procedure, and not to real migration. In this case, if the anisotropic model is 
known, the events can be relocated and accurate locations can be obtained by 
using both the P- and 5- wave arrival times. However, when working on a 
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Figure 3.6: Locations of the events in September and October 1993, using the multi-
layered model and HYP07 1. Quarry blasts are included. Only the events with 
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Figure 3.7: Frequency distribution of A) hypocentral depth B) Gap parameter 
C) minimum epicentral distance and D) RMS from the locations obtained with 
the following models: Makris (first column), 1D multi-layered (second column) 
and the 3D velocity model (third column). The mean values are also shown. 
Lu 
different data set, Doyle et al. (1985) inverted the P- and S-wave arrival times, 
and calculated elastic tensors which were similar to those predicted from a 
system of vertical cracks whose normals lay between 100 and 30 0 east of north 
(Crampin and Booth, 1985). The inversion method showed that the anisotropy 
was statistically significant, but as the locations calculated in anisotropic media 
were little different from those derived using HYP07 1, the latter locations 
were used in all their subsequent analysis. Here, the same assumption is 
adopted. 
3.4 EARTHQUAKE MAGNITUDES 
The need to discriminate between large and small shocks on a more 
objective basis and not on subjective judgement, which the intensity scale is 
based on, led to the definition of the magnitude scale (Richter, 1935). It is a 
relative scale as it defines a 'model' earthquake and rates the others in relation 
to this model by the measurement of the maximum amplitudes recorded at the 
stations. 
The determination of magnitude poses special problems in the case of 
local networks. The amplitude measured on a seismogram depends not only on 
the size and hypocentral distance. It depends also upon the attenuation along 
the ray path, the ground conditions at the recording station and the 
characteristics of the seismograph used. Moreover, there is the effect of the 
source radiation pattern, which means that a reliable magnitude determination 
must be derived from a number of stations surrounding the epicentre. For the 
earthquakes considered here, the azimuthal distribution of stations is adequate 
for this. 
The magnitude determined in this study is the local magnitude M L . The 
procedure involves measurement of the maximum amplitude observed on the 
two horizontal components, after the instrument response has been removed. 
If a seismogram is saturated, only a lower limit on the amplitude can be 
measured. Saturated recordings were usually restricted to stations near quarries 
such as AL6 close to Quarry 1. For that reason, it was decided to reduce the 
gain (Table 2.2). 
Figure 3.8 (a and b) shows the spatial and temporal distribution of the 
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Figure 3.8: Spatial and temporal distribution of local magnitudes for the time 
period a) June 1992 up to January 1993 and b) September and October 1993. 
The maximum magnitude recorded is 2.4. The arrows indicate gaps in the data, 
due to a break in the operation of the digital recording system. 
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1993) respectively. Quarry blasts have been removed. The spatial distribution 
of magnitudes reveals slightly higher magnitude values at the SE of station 
AL4 and in the vicinity of AL3. The temporal distribution reveals days of 
higher seismic activity and days of reduced or no activity at all, without 
revealing any trend in the magnitude temporal distribution. Clustering during 
September and October 1993 is more evident. 
The distribution of earthquakes over the observed range of magnitudes 
was given by Gutenberg and Richter (1941): 
Log N=a-bM 
where N is the number of shocks of magnitude M or greater per unit time, and 
a and b are constants. 
The b-value has been studied for earthquake prediction purposes and 
precursory changes before major shocks have often been reported, and are 
consistent with laboratory experiments (Scholz, 1968; Main and Meredith, 
1989). Studies on space and time variations of the b-value have been made by 
several authors, employing different techniques to calculate the b-values (Li et 
al., 1978; Ma, 1978, 1982; Smith, 1986; amongst many others). Imoto (1991) 
studied the temporal variation of the b-values of microearthquakes, before 
seven large events (M ~:6.0), and reported a decrease in the b-values which 
agrees with other studies (Bufe, 1970; Ma, 1978; Smith, 1986; Stephens et al., 
1980). However, he has concluded that the space-time variations of the b-
values are very complicated and the sample actually plays a significant role 
and needs to be carefully selected. 
The b-value has been related to the differential stress and degree of 
heterogeneity of the medium from experimental results by Scholz (1968) and 
Mogi (1962) respectively. The results showed that as differential stress 
becomes larger, b value becomes smaller and as heterogeneity of the medium 
becomes larger, b value becomes larger. Maeda and Watanabe (1991) have 
reported high b values five days after the mainshock, and have attributed them 
to the greater heterogeneity of the medium. Several studies have been 
published reporting a significant correlation between coda attenuation (Q') and 
the b-value (Novelo-Casanova et al., 1985; Robinson, 1987; Tsukuda, 1988; 
Jin and Aki, 1989) and reporting both positive and negative correlation which 
has been explained by Jin and Aki (1989) by the 'creep model'. 
Figure 3.9 presents the magnitude-frequency relationship for the 
ALNET data. The transition to non-linearity at low magnitude values denotes 
the completeness threshold (the magnitude above which the data can be 
assumed to be complete). For this dataset, the threshold is +0.3. 
3.5 INTERPRETATION OF THE SEISMICITY PATTERN AND 
CORRELATION WITH OTHER SEISMOLOGICAL AND GEOPHYSICAL 
STUDIES 
Figure 3.10 presents the depth distribution of the best located events, 
using the 3D velocity model for the period June 1992-January 1993 and the 
ID multi-layered velocity model for September and October 1993 (A and B), 
along and across the apparent trend of the seismic activity (a and b), in order 
to study the characteristics of the fault. This presentation of results has been 
chosen in order to visualise better the trends of the seismicity. The cross 
sections reveal a seismogenic zone that comprises two blocks that dip towards 
the west and east and intersect at a point where the seismicity becomes 
shallower. However, the dip at the east is likely not to be real because these 
earthquakes are under the sea and are not surrounded by stations. Moreover, 
at the eastern block, absence of seismicity is observed above 5 km depth. The 
latter result could be related to the fact that the eastern segment subsides faster 
than the western one, as deduced from previous studies (Chapter 2). However, 
no quiescent block is apparent from this present dataset, in contrast to Burton 
et al. (1991). This might be due to the fact that the quiescent block was 
inferred from a dataset which comprised events with local magnitudes larger 
than 1.5. 
The sharp cut-off of the seismic activity at a certain depth has been 
observed and considered as the mark of the transition from the brittle upper 
crust to the ductile lower crust (Meissner and Strehlau, 1982). Consequently, 
the depth distribution has been used as a tool to investigate the lower crustal 
properties (Fuchs et al., 1987) and lithospheric rheology (Chen and Molnar, 
1983). More specifically, Chen and Molnar (1983) studied the distribution of 
focal depths of intraplate earthquakes, to ensure reliable determination of the 
focal depths in different areas; they observed shallower seismic activity in 
zones of continental extension. In these regions, one expects elevated 
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Figure 3.9: The frequency-magnitude distribution for the entire dateset (June 1992 - 
January 1993 and September-October 1993) suggests that the completeness level is 
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Figure 3.10: A) Depth distribution of the events located with the 3D velocity model 
(June 1992-January 1993) a) along and b) across the line of the Nea Anghialos fault. 
B) Depth distribution of the events located with the multi-layered velocity model 
(September and October 1993) a) along and b) across the line of the Nea Anghialos 
fault. 
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temperatures due to the thinning of the crust, and therefore the sharp cut-off 
of the seismic activity is evidenced at shallower depths. The depth cross 
sections reveal a truncation of the seismic activity at about 10 km, which could 
be attributed to the transition from brittle to ductile deformation. The 
microseismic analysis of the VOLNET data set (Burton et al., 1991) revealed 
two peaks of the seismic activity with depth, at 9 km and 19 km, and the 
ALNET data set revealed two peaks at 2.5 km and 7 km with depth. These 
peaks are attributed to the existence of bands of high shear strength or fault 
friction. The expected geometry of normal faults in regions of an extensional 
tectonic regime has already been discussed (Chapter 2) and it is possibly 
controlled by this change in rheology. Brittle failure at shallow depths 
produces less fault rotation than the ductile failure in greater depths, and 
therefore normal faults are expected to be concave upwards, or listric faults 
(Jackson and McKenzie, 1983). In particular, in the N-S cross section of the 
seismic activity during June 1992-January 1993 (Figure 3.10A), a trend 
towards the south is evidenced, which could be attributed to the dip of the 
fault towards the south as has already been concluded by other studies 
(Papazachos et al., 1983). This trend is not apparent in Figure 3.1013 as it 
covers a shorter period of time. In both N-S sections there is a concentration 
of the seismic activity shallower than 5 km depth, below which it becomes 
more diffused. This could also support the fact that the Nea Anghialos Fault 
is a listric fault and therefore, at shallow depth where the dip is large, the 
surface projection of the hypocentres appears highly concentrated, whereas at 
larger depths they start to spread. Apparent lineations of the seismic activity 
in the N-S and NE-SW directions could be attributed to the internal 
deformation of the hanging wall. 
In the study of the 1980 seismic sequence by Papazachos et al. (1983) 
it is concluded that the Nea Anghialos fault trends ENE-WSW and dips SSE. 
Their study concerns the whole area of Almiros and Pagasitikos Gulf (Figure 
2.3), which appear to have different structure (Burton et al., 1991). Studies 
carried out over longer periods of time and which are based on the analysis of 
large earthquakes, microseismicity, and magnetotelluric and geomagnetic deep 
sounding data reveal that there is a change in the stress field and fault trends 
throughout the whole region. It has already been mentioned (Chapter 2) that 
the west segment of the region (Almiros) is characterised by E-W to WSW-
ENE oriented fault planes dipping to the SSE, and the east segment 
(Pagasitikos) is characterised by WNW-ESE oriented fault planes dipping to 
the NNE (Tzanis, personal communication). The spatial distribution of the 
microseismicity of the ALNET shows a WNW-ESE trend at the east part of 
the area; however, such observations are very subjective. 
The temporal distribution of the earthquakes in Figure 3.11 reveals 
clusters of seismicity which persist over time (for example, the cluster SE of 
station AL4), and clusters which do not, such as the clustering observed in the 
vicinity of AL3, an area that undergoes periods of quiescence or intense 
seismic activity (October 1993). The clustering SE of station AL4 has a SE 
trend which possibly confirms the existence of SE trending fractures in the 
area. 
The conventional methods of interpreting the spatial distribution of 
earthquakes, such as maps and cross-sections, have been considered by many 
researchers as subjective, and other methods have been developed to quantify 
certain aspects of spatial seismicity patterns (Kagan and Knopoff, 1980; 
Reasenberg, 1985; Ouchi and Uekawa, 1986; Sadovsky et al., 1984, 1987; 
Hirata, 1989; Frohlich and Davis, 1990). Some of these methods are discussed 
in the next section. 
3.6 CLUSTER ANALYSIS 
'Patches' in the seismicity patterns have been reported from Japan, the 
USA, the USSR, China, and elsewhere. Lee and Stewart (198 1) have presented 
a list of such cases from the areas mentioned. The nature of such bursts of 
seismic activity in space has been attributed to the presence of 'patches' in 
faults, referred to as asperities and barriers (Das and Aki, 1977), which control 
the concentration and redistribution of the stress. Consequently, the study of 
clusters of events might reveal information about the discontinuities and bends 
in faults, the mechanics of the rupture process and the character of the stress 
field. Analysis of cluster characteristics has been made by examining their time 
dependence, (e.g., Vere Jones, 1970; Shilien and ToksOz, 1970; Utsu, 1972; 
Frohlich and Davis, 1985; Frohlich, 1987; Gasperini and Mulargia, 1989) and 
their space-time dependence (e.g., Kagan and Knopoff, 1976, 1978; Prozorof 
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and Dziewonski, 1982; Reasenberg, 1985; Frohlich and Davis, 1986, 1990). 
The locations of the events are better constrained when using the 3D 
velocity model (Figure 3.5), and the distribution of the seismicity forms tighter 
clusters. The groups of events are superimposed on a general background of 
earthquake activity and are considered to represent adjustments of the fault to 
high local concentrations of stress. These cluster events were selected on the 
basis of similar seismograms being generated at one or more seismic stations 
within the shear-wave window of the event. Figure 3.12 presents all station 
recordings of an identified cluster. 
By using a 3D velocity model to locate the events, the visual 
concentration of events along the NAF has improved but it is still difficult to 
analyse quantitatively the observed seismicity or to identify any spatial 
patterns. The method that was applied by Ligdas (personal communication) is 
to try to identify the non-random part of the spatial distribution of 
microearthquakes (e.g. Eneva and Pavlis 1991). For a zone along the NAF the 
interevent distance for all possible pairs of events was calculated. The number 
of pairs within 1 km intervals was then calculated and plotted as a function of 
distance. Computer-generated simulations of random events within the same 
zone were used to compare to the observed earthquakes. Significant anomalies 
of the observed distributions compared to the model distributions are an 
indication of the existence of non-random features. The first anomalous peak 
of the distributions of the complete event data sets was used to identify the 
spatial constraint distance D (D ce for epicentral and D C h for hypocentral 
distances). D ce was chosen to be 3 km and D Ch 4 km. Although separate 
analyses were conducted for different magnitude intervals no significant 
differences in the shape of the distribution curves were observed. Figure 3.13a 
shows the clusters identified using D ce as a spatial constraint and Figure 3.13b 
shows the 'strength' of clusters along the NAF with regard to their number of 
events within each cluster. 
The temporal distribution can be examined in a similar way and allows 
time clusters to be. identified. However, the time window available at the time 
of compilation of this study is small. For the time period examined here, 
Figure 3.13b shows that clusters alternate between those with between three 
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Figure 3.12: Recordings at all stations from a cluster of events. These cluster events 
were selected on the basis of similar seismograms being generated at one or more 
seismic stations within the shear-wave window of the event. 
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Figure 3.13: Plan view: a) The clusters identified using D, =3 km as a spatial 
constraint. b) The 'strength' of clusters along the Nea Anghialos fault with regard to 
their number of events within each cluster. The dotted line at both figures is indicative 
of the Nea Anghialos fault trace. 
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indication of structural heterogeneity which affects the rupture process. 
Finally, I have grouped events according to their proximity in space and 
time and their waveform similarity. Table 3.3 presents the clusters that have 
been selected and Figure 3.14 shows their spatial distribution. The clusters 
chosen are located within the network and their spatial distribution shows that 
they indeed form tight clusters confirming that the velocity model describes the 
area well. 
3.7 CONCLUSIONS 
The local events over ten months have been processed. The locations 
reveal a zone trending E-W, formed by two blocks which dip towards the east 
and west. However, it is likely that the dip towards the east is due to location 
artefacts because there are no stations surrounding this part of the seismic 
activity which is located within the Pagasitikos Gulf. These blocks intersect at 
a 'point' where the seismicity becomes shallower. Other studies have confirmed 
the existence of two blocks separated by a quiescent block which is not 
identified in the present study. The absence of seismic activity on the eastern 
block shallower than about 5 km could be explained by the faster subsidence 
of the east block in relation to the western, as already being mentioned in other 
studies of the area. The seismic activity stops at about 10 km depth which is 
interpreted as the boundary between the brittle and ductile zones. This change 
in rheology controls the geometry of normal faults, which are expected to be 
concave upwards. The N-S cross sections reveal a high density of seismic 
activity at shallow depth which could be due to the large dip of the fault, and 
the wide spread of the seismicity at larger depth could be due to the change 
of dip of the fault. There are lineations of the seismicity seen within the 
general pattern, mainly in the western segment, trending towards the south and 
SE, possibly related to hanging wall deformation. The temporal distribution of 
the earthquakes reveals clustering SE of station AL4, which trends SE and is 
in agreement with recent MT and GDS studies that reveal SE trending 
fractures at the west part of the area, and is consistent in time. There are also 
bursts of seismic activity which are interrupted by periods of quiescence. 
Finally, the clusters identified are of the swarm type which is expected in areas 
characterised by spreading. Based on the study of the tectonics (Chapter 2) and 
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TABLE 3.3 LIST OF CLUSTERS 
NUMBER OF CLUSTER DATE-HOUR-MINUTE OF EVENTS 
9208181641, 9208190607, 9208210703, 9208211117, 9208212057, 
9208250024, 9209010922, 9209020517, 9209070935, 9209231642, 
9209262100, 9209290300, 9210010625, 9210041950, 9210071255. 
1 9210201010, 9210240824, 9210301156, 9211041518, 9211050242, 
9211081905, 9211171044, 9211220711, 9211230342, 9211230342, 
9211250335, 9211260238, 9211280507, 9212131715, 9212211136, 
9212211557, 9212300305, 9301030349, 9301050905, 9301061510, 
9301092002, 9301100005, 9301150541, 9301271707, 9301310203, 
9302010617 
2 9207061750, 9208050721, 9209042339, 9301302107 
3 9207061014, 9209291012, 9210011757, 9210021830, 9210101321, 
9310161841, 9210240630, 9210260538, 9210290839, 9211260914, 
9211280905 
4 9206121603, 9209040858, 9209111541, 9209111544, 9209111545, 
9209111546, 9209111607, 9210120902, 9210120947, 9210152348, 
9301232336 
5 9207070809, 9207070841, 9208120239, 9208251507, 9209081514, 
9209111838, 9210152345, 9210211056, 9211050242, 9212070033 
6 9208210531, 9209022235, 9209030333, 9210181426, 9301071054 
7 9309271048, 92101618419210190045 
8 9208031114, 9208301956, 9209111227, 9209201732, 9212112138, 
9301030349 
9 9208061605, 9208082045, 9209141701 
10 9212080715, 9301160913 
11 9208041452, 9208180102, 9208312305, 9210031451, 9210221026, 
9210291322 
12 9210221558, 9211030856 
13 9209220941, 9209240255, 9209291354, 9209301816, 9210010236, 
9210022042 
14 9208030602, 9210160312, 9210160631, 9301101953 
15 9209011037, 9209012311, 9209020730, 9209021028, 9209030300, 
9209041117, 9209050347, 9209060114, 92091115379211300234 
16 9210191642, 9210212249, 9210221550 
17 9211282019 
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Figure 3.14: Spatial distribution of the identified clusters. 
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seismicity of the region (Chapter 3), I then proceed to examine the shear-wave 
splitting phenomenon and its possible interpretations. 
CHAPTER 4 
SHEAR-WAVE SPLITTING STUDY—ALMIROS, GREECE 
4.1 INTRODUCTION 
Shear-wave splitting has been observed whenever and wherever 
appropriate shear waves have been recorded on three-component instruments, 
and has been attributed to some form of anisotropy in the medium (Crampin, 
1994). Specifically designed experiments, in different tectonic and geological 
regimes, have been implemented in order to understand and interpret the 
phenomenon. In this chapter, shear-wave splitting is described and possible 
interpretations are discussed. The three-component seismic data from ALNET 
are then analysed for the identification and interpretation of shear-wave 
splitting. 
4.2 SHEAR- WA VE SPLITTING AND ITS INTERPRETATION 
When a shear wave enters an anisotropic region, it splits into two 
shear-wave phases with different polarisations and velocities. This phenomenon 
has been initially detected in different tectonic and geological regimes, above 
small earthquakes (e.g. Crampin et al., 1980; Crampin et al., 1985; 
Buchbinder, 1985), and in sedimentary basins (e.g. Alford 1986; Lynn and 
Thomsen, 1986; Willis etal., 1986; Crampin et al., 1986a). These observations 
have been reviewed by Crampin (1994). The two split shear waves with 
approximately orthogonal polarisations travel with different velocities 
throughout the anisotropic medium, and so progressively separate in time 
(Figure 4.1). This figure refers specifically to the case of a wave propagating 
through a region pervaded by vertical cracks, aligned parallel to the direction 
of maximum compressive stress, which is known as the Extensive Dilatancy 
Anisotropy (EDA) (see below, in the same section). 
Since shear waves are polarised in directions which are transverse to 
the raypath, and the time separation between split shear waves can be very 
small compared with the wavelength, the study of the shear-wave splitting 
phenomenon requires digital three-component recordings, high sampling rates, 
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Figure 4.1: Schematic representation of shear-wave splitting. A shear wave, entering 
an anisotropic region, splits into two components with different velocities and nearly 
orthogonal polarisations. The polarisation of the faster split shear wave is usually 
parallel or subparallel to the maximum horizontal stress. (After Crampin, 1987). 
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last ten years or so, that this technology has become available. Most 
seismological research has been based on the study of P-wave arrival times 
derived from single-component vertical instruments, mainly giving information 
about the gross velocity structure within the earth. However, the large scale 
isotropic velocity structure deduced from the P waves and the small scale 
anisotropic velocity structure deduced from the shear-wave splitting are 
mutually compatible and can coexist. 
Four types of anisotropy have been thought to cause shear-wave 
splitting (Crampin et al., 1984a; Crampin, 1987): 
Aligned crystals in volcanic and metamorphic rocks, and aligned 
grains in sediments: this type of anisotropy is named intrinsic anisotropy by 
Peacock (1986) in order to distinguish it from other types of anisotropy that 
depend on present external conditions such as applied stress. This form of 
anisotropy has been observed at several sites, for example in North Wales 
(Peacock 1986), the Lake Bogoria region (Young, 1989) and Anza (Aster and 
Shearer, 1992). It should be noted that the observation by Aster and Shearer 
(1992) contradicts the results of a similar study in the area by Crampin et al. 
(1990), see Crampin et al. (1991), and therefore this case is not conclusive. 
Structural anisotropy or Periodic Thin Layering (PTL) of isotropic 
materials or transverse isotropy: this structure is anisotropic for wavelengths 
greater than the thickness of each individual layer and commonly appears in 
sequences of sediments. It displays hexagonal symmetry with a vertical axis 
of symmetry. 
Direct stress-induced anisotropy: this form of anisotropy can only be 
generated by the extremely high stress field in the immediate source region of 
an impending large earthquake. There was no large earthquake throughout the 
operation of the ALNET and therefore this type of anisotropy is excluded. 
Stress-aligned crack-induced anisotropy (EDA): in contrast with case 
3), this is a low stress phenomenon and it does not necessarily refer to the 
immediate focal zone. In most shear-wave splitting studies the stress-aligned 
crack-induced anisotropy has been reported as the main cause of the shear-
wave splitting and the other causes have been reported only in local cases. 
This model is more extensively discussed in the following paragraphs. 
Analysis of all available shear-wave splitting observations and 
30 
attenuation of shear-wave coda, indicates that rocks containing free fluids are 
pervaded by distributions of stress-aligned fluid-saturated intergranular 
microcracks and pore space. These distributions of stress-aligned cracks are 
called Extensive Dilatancy Anisotropy or EDA (Crampin et al., 1984b), and 
is believed to exist throughout the uppermost 10-20 km of the crust (Crampin, 
1987). Once below the near-surface stress anomalies (Crampin, 1990), the 
direction of the minimum stress will be horizontal, so that stress-oriented 
cracks are vertical and perpendicular to the minimum horizontal compression, 
displaying hexagonal symmetry with an axis of symmetry parallel to the 
direction of minimum horizontal stress. The fact that the EDA cracks are 
believed to be fluid-saturated cannot be proved directly from observations of 
the shear-wave polarisations. However, aligned dry cracks would cause greater 
P-wave velocity variations than water-filled cracks (Crampin 1978, 1984) and 
such significant P-wave velocity anisotropy has not been observed. Moreover, 
scattering by dry cracks would cause larger attenuation of P than S waves, 
whereas the observed attenuation in the Earth coincides with the attenuation 
caused by saturated cracks (Crampin, 1984). 
The term EDA is used to cover a wide range of inclusion size, from 
microns in igneous and metamorphic rocks through submillimetre pores in 
sedimentary rocks, to possibly a few metres in fractured beds. Therefore, it is 
difficult to distinguish between large and small scale fractures (Young, 1989) 
and there are studies that have reported large scale fractures as the main cause 
of anisotropy e.g. Sachpazi and Him (1991) at Milos island (Greece), and Liu 
et al. (1993) in the particular case of a station located very close to the San 
Andreas Fault. The crack densities £ (the dimensionless quantity Na 3/V where 
N is the number of cracks of radius a in volume V of rock) may vary from 
0.015 to 0.045 in unfractured ostensibly-intact rocks of all types, including 
low-porosity and low-permeability igneous and metamorphic rocks as well as 
high-porosity and high-permeability sedimentary rocks. Crack densities may 
be up to 6=0.1 in anomalous zones, such as fractured zones or zones of high 
heat flow, and may be 6=0. 1 or greater in heavily-fractured near-surface rocks 
(Zatsepin and Crampin, 1995). 
Subcritical crack growth (Rutter and Mainprice, 1978; Atkinson, 1982) 
has been considered to be one of the main mechanisms for crack extension 
- 	
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under low stress. It can be due to several competing mechanisms, most of 
them depending on the chemical environment. One of these mechanisms is 
stress corrosion which involves the weakening of the strained bonds at crack 
tips by the chemical action of an environmental agent, such as water, 
facilitating crack growth. Another mechanism that has been proposed for EDA 
is the elastic bowing of existing fluid-filled cracks and pores that requires high 
pore pressures under low stresses (Crampin et al., 1990). Such high pore 
pressures can only exist under special circumstances (Brace, 1980). Both of 
these processes would cause the alignment of the fluid-filled inclusions parallel 
to the maximum compressive stress as all the inclusions perpendicular to this 
direction tend to close and such alignments would be effectively anisotropic, 
causing shear-wave splitting. 
The Anisotropic Poro-Elastic theory (APE) (Zatsepin and Crampin, 
1995) appears to model the micro-scale deformation of most rocks, taking into 
account the anisotropic pore-shapes, anisotropic stress, and pore-fluid 
pressures. The evolution of the fluid-saturated rock under differential stress is 
controlled by fluid migration between neighbouring microcracks. The EDA-
cracks display a range of orientations and this range of orientations provides 
the mechanism for the fluid migration between the cracks under differential 
stress resulting in the modification of the aspect ratios. Figure 4.2a shows the 
fluid migration between cracks under stress, which leads to an increase of the 
aspect ratio for the cracks parallel to the stress and a decrease of the aspect 
ratio for the cracks perpendicular to the stress. Figure 4.2b shows the evolution 
of the aspect ratio, for different orientations of the cracks relative to the stress 
direction and for different stress levels (H  denotes the differential horizontal 
stress normalised by the critical stress at which the microcracks normal to s 
begin to close). An absolute stress field (a,,, o,, Gh1 where V, H and h denote 
vertical, maximum horizontal and minimum horizontal respectively), where 
< CTH<ah as might be expected shallower than 1 km, is assumed. Initially, 
with zero differential horizontal stress, the cracks are open and randomly 
oriented. As the differential horizontal stress increases, some of the cracks 
oriented almost perpendicular to the stress, decrease their aspect ratios and 
finally close (for s H=2). The aspect ratio of microcracks oriented almost 
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Figure 4.2: a) Schematic illustration of fluid diffusion along pressure gradients 
between cracks parallel and perpendicular to the direction of maximum stress. Cracks 
parallel to the stress increase in aspect ratio, and cracks perpendicular to the stress 
decrease in aspect ratio (after Zatsepin and Crampin 1995). b) Evolution of normalised 
aspect ratio separating open from closed cracks in distributions of vertical cracks as 
a function of 0, the angle the normal to the EDA cracks makes with the direction of 
maximum horizontal compression 5H  for increasing values of differential stresses H=°' 
1/2, 1 and 2, normalised by 1 /6C  the critical stress at which microcracks normal to 
5H first begin to close (after Zatsepin and Crampin, 1995). 
31a 
32 
mechanism has not been recognised earlier because most interpretations of 
rock physics and of shear-wave anisotropy under stress have relied exclusively 
on the effects of single cracks or distributions of parallel cracks, neither of 
which yield the pressure gradients that drive the micro-scale fluid-migration. 
The observation and study of shear-wave splitting can provide 
information about the characteristics of an anisotropic region. More 
specifically, the measurement of the polarisation of the first split shear wave 
can give information about the orientation of the axis of the anisotropic 
symmetry, and the time delay between the two split shear waves indicates the 
degree of anisotropy along the raypath (Crampin, 1985). 
Interpretation and understanding of the shear-wave splitting 
phenomenon has led to a variety of applications and ideas. The ALNET 
experiment was set up in order to identify shear-wave splitting and use this 
phenomenon as a way to understand how stresses build up in an area that is 
prone to large earthquakes. 
4.3 MONITORING STRESSES BEFORE EARTHQUAKES 
Certain dynamical systems seem to self-organise into a critical state 
with power law spatial and temporal correlation functions, and this behaviour 
is shown to be related to earthquakes (Bak and Tang, 1989). It is essential that 
these systems are dissipative (energy is released). Energy is fed into the 
system, either directly into the bulk or through the boundaries. The crust of the 
earth may be viewed as a system of this kind, as it is subjected to the stress 
from tectonic plate motion. 
A model that describes such a system (Bak and Tang, 1989), assumes 
the existence of a slow and uniformly increasing displacement at the 
boundary—tectonic plate motion in the case of earthquakes—and that the time 
scale of the process is large. At certain localities the value of the elastic force 
exceeds the local critical value and a unit of energy is released. This might 
cause instability to a nearby location which will, in turn, release another unit 
of energy and so on. Eventually the system will come to rest, and the average 
value of the force will be less than its critical value. The same process is 
repeated again, since the force at a certain point will increase because the 
system is constantly subjected to a driving force from monotonic strain at the 
ii 
remote boundary. Eventually the average force will reach a statistically 
stationary value which allows the chain process to continue. At this state, 
earthquakes of all sizes may be triggered, limited by the size of the system. 
Figure 4.3 shows the fluctuation of the energy with time during a 
model earthquake. The irregularity of the event reflects that a process similar 
to that mentioned above, may describe the earthquake mechanism. At points 
the earthquake is almost 'dying', and its continued evolution may depend on 
minor details of the crust of the earth far from the place of the origin. If this 
model is responsible for the mechanism of the earthquakes, then it is unlikely 
that specific earthquake predictions can be made. Crampin and Booth (1994) 
agree that the focus, origin time and magnitude of the event may be 
unpredictable but they suggest that the accumulation of strain can be 
recognised by monitoring shear-wave splitting, which might give a sign of the 
size of an impending earthquake through the duration of the precursor. 
The observation that the polarisation of the first split shear wave is 
parallel or subparallel to the maximum horizontal compressive stress in many 
different geological and tectonic regimes (Crampin, 1987; Booth et al., 1990; 
Booth et al., 1992; Kaneshima, 1990; Li et al., 1994; Rowlands et al., 1993; 
see also a review by Crampin and Love!!, 1991), led to the EDA hypothesis 
to provide justification for this common observation. The EDA cracks form the 
most compliant element of the rockmass and can respond quickly to changes 
in stress (Zatsepin and Crampin, 1995). It is more likely that within a short 
time scale, it is the magnitude rather than the direction of the stress that 
changes, that is supported by the observation of stable polarisation directions. 
It is claimed that the analysis of the temporal variations of the time delays can 
be a way of monitoring stress (Peacock et al., 1988; Crampin et al., 1990, 
1991; Booth et al., 1990; Liu etal., 1993). However, the results show scatter 
especially in cases where the main event is not large enough to dominate the 
fluctuations of the local stress (Booth et al., 1990; Liu et al., 1993). Therefore, 
scattered changes in time delays (Chen et al., 1987), can be explained by a 
compliant rockmass that responds quickly even to small changes in the local 
stress. 
Crampin (1991) indicated the significance of isolated swarms of small 
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Figure 4.3: Energy release versus time during a typical model earthquake (after Bak 
and Tang,. 1989). 
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different earthquake prediction scenarios. Such isolated swarms, far from major 
seismic activity, have been reported (Chiu et al., 1984) and studied, exploiting 
the repeatability of events within short time periods. On the other hand, 
swarms that occur within a major seismic zone are usually a secondary 
phenomenon, and therefore any change of geophysical parameters due to the 
swarm activity is obscured by the predominant seismic activity. By studying 
the temporal variations of time delays from recordings that have sampled 
similar raypaths, any observed change can be attributed to changes in the 
rockmass properties rather than a change of the raypath. An increase in delay 
between the two split shear waves could be attributed to a change in crack 
density, aspect ratio or crack content, for example by draining of fluid 
(Crampin, 1987). Figure 4.4 shows the effect of each of these factors on time 
delays (Crampin, 1984; Crampin et al., 1986b; Crampin and Booth, 1985). It 
has been shown that an increase in the density of uniformly distributed cracks 
beneath the station, increases most of the time delays between split shear-
wave arrivals with large angles of incidence to the crack normal, whereas an 
increase in the aspect ratio or decrease in saturation affects mostly arrivals 
with smaller angles of incidence (Crampin et al., 1990), for angles of incidence 
within the shear-wave window. 
4.4 DATA SELECTION 
It is very important in shear-wave analysis that the onset of the shear 
wave can be clearly identified. This is facilitated by selecting seismograms that 
display clear and impulsive shear waves. 
The shear-wave particle motion recorded at the surface is the summed 
motion of the incident shear wave, and the reflected P and S waves. Nuttli 
(1961) showed that the particle motion of a linearly-polarised plane shear 
wave, incident at the free surface, will be linearly-polarised for angles of 
incidence less than the critical angle i=sin 1 (V/V), where V 5and V are the 
velocities of S and P waves respectively at the surface, and this is 
approximately 350 for a Poisson's ratio of 0.25. This angle defines the shear-
wave window (Booth and Crampin, 1985) (Figure 4.5), and has been used as 
a criterion for selecting suitable shear-wave recordings in shear-wave analysis. 





Figure 4.4: Equal-area projections of theoretical delays between split shear waves 
passing through a medium containing microcracks aligned east-west with a range of 
parameters. The delays are contoured in milliseconds per kilometre path length, in 
equal-area projections out to 90 0 . The inner circle represents the 45° incidence angle. 
On the left of each projection is a north-south section of contoured delays (solid line), 
superimposed on the delay (dashed line) for a 'reference model', a) the 'reference' 
model: liquid-filled cracks, crack density 0.0 15, aspect ratio 0.0001; b) liquid-filled 
cracks, crack density 0.04, aspect ratio 0.0001; c) liquid-filled cracks, crack density 
0.015, aspect ratio 0.02; d) dry cracks, crack density 0.015, aspect ratio 0.0001 (after 
Peacock, 1986). 
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SHEAR WAVE WINDOW 
Figure 4.5: Surface seismograph stations should be within the shear-wave window to 
ensure shear-wave recordings that are unaffected by surface interaction (after Lovell, 
1989). 
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because the SV component (but not the SH component) suffers phase changes 
at the surface; the polarisation of the shear wave recorded by the receiver does 
not then represent the polarisation of the incident shear wave. 
In local earthquake studies, the particle motion at the Earth's surface is 
the result of a curved wavefront incident at the free surface. Booth and 
Crampin (1985) showed that, in the case of a curved wavefront, the 
polarisations become strongly non-linear at incidence angles some way beyond 
the critical angle, and not at the critical angle as in the case of plane 
wavefronts; this enlarges the effective shear-wave window provided the 
product of the curvature and the wavelength is large enough. The presence of 
low velocity layers near the surface curves the raypaths towards the vertical, 
and therefore the shear-wave motion is preserved for larger epicentral 
distances, enlarging the effective shear-wave window. Distortion of shear-wave 
polarisations can also be created by conversions at the deeper interfaces of the 
velocity structure. Liu and Crampin (1990) have investigated this possibility, 
and concluded that the interaction of the shear waves with the internal 
interfaces are unlikely in practice to affect the initial polarization of the shear 
waves, which is controlled by the anisotropy. However, any such interactions 
will add to the complexity of the waveforms usually observed following the 
initial polarization. In the presence of anisotropy, the group velocity vector 
deviates from the phase velocity vector, and therefore critical angle phenomena 
will occur at slightly different angles from those used in the calculation of the 
free surface coefficients. When the group velocity vector is closer to the 
surface normal than the phase velocity vector, critical angle phenomena will 
occur at angles smaller than those suggested by a simple isotropic model, and 
when the opposite occurs, the shear-wave motion remains undistorted for larger 
angles of incidence than an isotropic interpretation might suggest. As a result 
of the above, the shear-wave analysis should be restricted to small epicentral 
distances, preferably less than the focal depth. The effective shear-wave 
window is usually set to 45°, an estimation that can be tested by the 
consistency or otherwise of observations which lie close to the window 
boundary. 
Table 4.1 gives the location parameters of all the events used for the 
shear-wave splitting analysis, and Figure 4.6 shows the locations of the 
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TABLE 4.1: The earthquakes selected for the shear-wave splitting analysis with 
RMS:!~O.ls. The location parameters are also presented. 
DATE TIME LAT. LON. MAG. DEPTH GAP R}IS 
(YR1NDY) (RR1/SECS) ( O N) (°E) (ML ) (Kin) () (SECS) 
920612 1603 25.10 39.232 22.691 -0.1 4.66 116 0.09 
920705 0107 54.50 39.241 22.771 -0.4 1.59 169 0.10 
920706 1750 21.31 39.205 22.776 0.0 9.60 142 0.07 
920707 0843 58.36 39.244 22.668 0.0 12.43 215 0.08 
920707 2100 32.58 39.168 22.731 0.3 12.11 87 0.06 
920803 1114 46.48 39.238 22.796 0.5 4.49 115 0.07 
920804 0003 34.40 39.215 22.645 -0.4 3.12 215 0.00 
920808 1552 29.44 39.265 22.760 -0.2 2.58 187 0.02 
920808 2045 24.27 39.228 22.811 0.3 2.31 123 0.09 
920812 0239 44.72 39.243 22.658 0.6 10.85 209 0.07 
920812 0240 16.15 39.241 22.659 -0.3 9.26 207 0.10 
920818 0102 9.53 39.215 22.676 0.3 8.36 136 0.08 
920818 0308 57.28 39.212 22.683 0.5 7.48 119 0.10 
920818 0907 13.08 39.186 22.686 0.0 7.74 130 0.10 
920831 0250 58.15 39.236 22.750 0.7 3.49 154 0.07 
920831 2305 1.84 39.209 22.659 0.3 4.85 158 0.05 
920901 0922 29.23 39.249 22.761 0.2 1.55 163 0.05 
920901 1342 52.28 39.200 22.722 0.6 6.23 128 0.05 
920902 0730 3.09 39.263 22.737 0.6 2.97 147 0.05 
920903 0333 24.56 39.269 22.733 0.2 4.49 139 0.08 
920904 0947 32.71 39.225 22.697 0.1 3.90 138 0.10 
920905 0347 1.68 39.263 22.733 0.0 2.79 140 0.07 
920907 0935 48.98 39.262 22.767 0.5 4.93 183 0.07 
920911 0913 41.00 39.259 22.734 0.2 2.21 181 0.10 
920911 1541 52.39 39.242 22.700 0.3 2.26 137 0.06 
920911 1838 29.45 39.246 22.675 0.3 4.71 207 0.05 
920915 1734 38.92 39.185 22.685 0.0 6.71 139 0.00 
920915 2009 14.78 39.186 22.681 0.4 6.84 139 0.01 
920916 0905 2.04 39.186 22.682 0.4 6.97 139 0.01 
920916 1630 9.77 39.185 22.684 -0.2 6.69 139 0.00 
920926 2100 7.78 39.239 22.775 1.2 2.96 119 0.03 
921001 0236 26.78 39.206 22.720 0.3 4.08 122 0.02 
921001 1757 47.05 39.230 22.717 0.3 5.25 134 0.06 
921011 0024 53.89 39.242 22.734 -Ô.6 3.97 150 0.06 
921019 1606 22.48 39.239 22.769 1.0 2.86 168 0.07 
921021 0233 31.46 39.229 22.775 1.1 1.15 118 0.05 
921022 1026 41.88 39.203 22.673 0.1 0.54 153 0.01 
921029 1322 17.94 39.209 22.674 0.6 3.31 159 0.01 
921105 0054 29.58 39.244 22.773 -0.1 1.07 168 0.08 
921105 0242 1.54 39.257 22.767 1.4 2.37 206 0.02 
921108 1905 39.82 39.258 22.764 0.0 2.27 203 0.05 
921112 0308 56.88 39.250 22.768 0.3 1.67 157 0.08 
921116 0335 53.10 39.179 22.684 -0.3 8.63 127 0.06 
921118 1042 28.98 39.248 22.788 0.5 0.84 185 0.10 
921119 0400 36.87 39.239 22.757 0.0 1.39 155 0.10 
921122 0711 24.30 39.238 22.751 0.7 2.38 100 0.05 
921126 0238 51.00 39.238 22.762 0.2 1.90 109 0.10 
921126 0751 47.24 39.239 22.731 0.9 2.42 99 0.10 
921126 0914 0.63 39.239 22.733 0.8 1.56 97 0.07 
921126 1123 18.20 39.236 22.768 1.3 3.64 115 0.09 
921128 0507 8.20 39.241 22.757 0.8 1.80 103 0.05 
921128 0905 15.97 39.248 22.739 0.1 1.92 119 0.06 
921204 0304 34.88 39.182 22.727 -0.1 10.08 141 0.04 
921207 0734 49.77 39.221 22.693 0.2 1.96 146 0.05 
921208 0403 42.25 39.176 22.654 0.3 9.96 133 0.08 
921211 2138 11.77 39.255 22.791 0.4 3.04 137 0.08 
921217 1531 54.73 39.173 22.740 0.2 10.87 120 0.03 
921217 2012 56.24 39.171 22.740 0.2 11.28 119 0.05 
921221 1557 4.23 39.248 22.761 1b1 2.87 103 0.07 
921229 0125 30.97 39.176 22.746 0.2 8.93 160 0.07 
921230 1424 2.42 39.248 22.742 -0.2 1.71 134 0.09 
DATE HR4 SECS LAT. LON. NAG. DEPTH GAP RMS 
(YRMNDY) (HR/SECS) ( 0 N) (°E) (ii.) (Km) (0) (SECS) 
930103 1356 52.59 39.194 22.867 0.9 10.03 145 0.05 
930103 2344 59.40 39.237 22.772 0.2 1.02 173 0.10 
930105 0905 35.60 39.239 22.760 0.3 3.69 106 0.10 
930109 2000 39.95 39.237 22.778 0.6 3.09 125 0.10 
930114 1343 11.42 39.370 22.790 0.5 12.64 311 0.02 
930114 2020 10.54 39.232 22.776 -0.1 0.58 180 0.10 
930115 0007 52.57 39.253 22.766 0.0 1.01 213 0.04 
930115 0541 40.95 39.248 22.762 1.3 1.90 103 0.05 
930124 0230 19.59 39.249 22.765 -0.1 1.78 154 0.08 
930130 1441 40.46 39.250 22.767 -0.1 0.83 218 0.03 
930130 2107 36.72 39.218 22.803 0.1 5.63 141 0.08 
930131 2230 28.06 39.242 22.760 0.0 1.79 156 0.07 
930904 2251 40.96 39.324 22.798 0.1 6.69 272 0.07 
930906 1735 55.41 39.366 22.811 0.2 11.33 307 0.07 
930906 2052 9.65 39.334 22.762 0.1 9.02 273 0.04 
930919 1424 55.53 39.375 22.807 0.6 11.51 309 0.10 
930922 1033 15.97 39.239 22.701 0.9 3.81 130 0.10 
930923 1306 10.04 39.362 22.709 1.2 14.09 293 0.10 
930924 2209 58.48 39.374 22.698 0.9 11.27 300 0.07 
930930 1213 19.41 39.199 22.712 0.9 8.94 149 0.08 
931002 2115 11.77 39.387 22.814 0.7 12.80 314 0.10 
931002 2151 43.68 39.371 22.818 0.3 12.29 312 0.09 
931002 2236 4.71 39.375 22.825 0.5 12.84 311 0.09 
931005 1930 6.56 39.244 22.676 0.6 13.61 194 0.07 
931005 1934 8.42 39.242 22.682 0.7 13.54 165 0.09 
931005 1936 53.46 39.248 22.674 0.1 13.43 215 0.06 
931007 1535 37.10 39.368 22.822 0.4 12.56 312 0.05 
931009 1745 59.37 39.350 22.812 1.3 12.80 301 0.07 
931009 1809 50.11 39.356 22.813 0.9 12.77 305 0.08 
931011 1352 15.36 39.373 22.839 0.0 16.44 320 0.06 
931012 0129 7.47 39.277 22.820 0.2 4.60 215 0.07 
931012 1031 8.48 39.367 22.808 0.3 13.17 307 0.09 
931013 1022 45.22 39.250 22.865 0.9 8.31 211 0.06 
931013 1119 28.17 39.374 22.818 0.0 11.86 313 0.09 
931014 1119 51.81 39.287 22.919 0.3 12.21 281 0.09 
931017 2354 3.21 39.366 22.809 0.0 11.33 307 0.09 
931019 1114 58.91 39.224 22.694 0.9 2.96 135 0.07 
931019 1725 15.97 39.309 22.797 0.3 6.04 242 0.09 
931019 2125 46.09 39.226 22.694 1.0 6.61 133 0.06 
931019 2305 9.43 39.291 22.795 0.8 6.38 193 0.09 
931024 0426 58.99 39.225 22.699 0.4 2.72 128 0.08 
931024 1953 24.09 39.225 22.697 0.5 2.43 132 0.09 
931024 2316 43.69 39.309 22.795 0.1 5.61 241 0.08 
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selected events. Initially, 430 seismograms, within the shear-wave window, 
were selected for the shear-wave splitting analysis, based on the locations 
derived using the Makris velocity model. The angles of incidence were 
calculated as follows: 
i= tan' (epicentral distance/depth) 
as if the raypath was straight. Since the velocity is expected to increase with 
increasing depth, the resulting value of i will be an overestimate of the real 
value and hence some seismograms will incorrectly be considered to be outside 
the shear-wave window and therefore wrongly excluded from the shear-wave 
splitting analysis. The 3D locations changed the angles of incidence because 
the depths generally got shallower, resulting in fewer seismograms being 
within the shear-wave window. However, first I discarded earthquakes with 
RMS>0.ls and included any seismograms that gave good quality measurements 
of the shear-wave splitting parameters (weight 1 and 2; section 4.5 refers to the 
criteria for assigning each weight factor), even though they might have angles 
of incidence greater than 45° according to the 3D model. This is justified on 
the basis that the approximation of a straight raypath is too restrictive for the 
reasons given above. Indeed, the inspection of the P-wave particle motion 
diagrams of seismograms on the Vertical-Radial plane, with angles of 
incidence beyond the shear-wave window, reveals steep raypaths. To conclude, 
I have not relied on the location results for the final selection of the 
seismograms but on the simplicity of the seismograms and the particle motion 
diagrams. The final data set comprises 141 seismograms. Figure 4.7 presents 
some seismograms with angles of incidence greater than 45°, calculated 
according to the straight ray path assumption. 
4.5 DATA ANALYSIS 
The identification of shear-wave splitting is not trivial, and cannot be 
done simply by inspecting recordings displayed as time series. Several different 
techniques have been developed in order to identify the phases and measure 
the polarisation of the first split shear wave and the time delay between the 
two split shear waves (MacBeth and Crampin, 1991). From the different 
methods used for such analysis, I have used visual inspection of the 
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Figure 4.7: Examples of seismograms of shear waves that have large angles of 
incidence but which were included in the shear-wave splitting analysis because of the 
simplicity of the waveforms. Inspection of the P-wave particle motion shows that the 
angles of incidence are quite steep (9 is the angle as measured from the particle 
motion diagrams, and 4) is the calculated angle of incidence). The first row of planes 
represents the Radial-Vertical plane, the second the Transverse-Vertical and the third 
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wave splitting analysis of earthquake recordings. 
I have used the technique described by Chen et al. (1987) in order to 
measure the polarisation of the first split shear wave and the time delay 
between the two split shear waves when using polarisation diagrams that 
display the particle motion variation with time on three mutually orthogonal 
planes. Three-component recordings are required for this analysis. Firstly, 
using the PMPLOT program, the horizontal components are rotated to the 
radial and transverse components and particle motion diagrams are plotted for 
a specified number of time windows starting just before the shear-wave onset. 
The planes upon which the particle motion is projected are the horizontal plane 
(radial versus transverse direction), the vertical radial plane (radial versus 
vertical direction) and the vertical transverse plane (transverse versus vertical 
direction) (Figure 4.8a). In this presentation, the shear-wave motion is easier 
to analyse and interpret. Particle motion diagrams of the P-wave motion can 
be used to measure the angle of incidence, to confirm that the recording is 
within the shear-wave window. 
The shear-wave measurements are made using the polarisation diagrams 
for the horizontal plane where most of the shear-wave energy is expected for 
near-vertical raypaths. The geographical polarisation direction is obtained by 
adding the polarisation direction measured relative to the radial direction, to 
the azimuth of the earthquake from the station (Figure 4.8b). The seismograms 
and motion in the vertical sagittal plane are also consulted at the same time, 
for the correct identification of the phases. Care must be taken not to 
misidentify other phases as the split shear waves. An example is the existence 
of the local SP phase which is generated by the interaction of a curved 
wavefront with the free surface. This phase was originally described by 
Nakano (1925) and has been recognised in other theoretical papers, including 
Lapwood (1949) and Bouchon (1978). There were not many observations of 
the phase reported (one of the first observations was during the Turkish 
Dilatancy Project, Crampin et al., 1985) mainly because it is difficult to 
interpret the shear-wave coda without three-component instrumentation. The 
local SP-wave is a P headwave, generated at the free surface by a shear wave 
incident at the critical angle. From the critical point onwards, the SP-wave 

























Figure 4.8: a) Particle motion is projected on three mutually orthogonal planes 
(Radial-Vertical, Transverse-Vertical, Radial-Transverse). The vertical planes are used 
to distinguish between S waves and converted phases. The shear-wave polarisation is 
determined on the horizontal plane, which is valid for steep raypaths. b) Determination 
of the geographical polarisation of the shear-wave onset on the horizontal plane (after 
Takeya, 1992). 
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a precursor to the direct shear-wave arrival. Figure 4.9 presents synthetic 
seismograms and particle motions at the free surface of an isotropic half space, 
generated by plane and curved S waves respectively. It is noticed that the 
particle motion becomes strongly non-linear beyond 400 angle of incidence in 
the case of a curved wavefront. Beyond 40° the predominately radial 
polarisation of the local SP phase begins to separate from the increasingly 
vertical polarisation of the S wave. The local SP phase is upwards and away 
from the source, as deduced theoretically from Gilbert and Knopoff (1961). 
The combined SP and S particle motions might be misinterpreted as the first 
and second split shear wave, unless the particle motion diagrams are also 
inspected on the transverse plane which is mutually perpendicular to the 
sagittal and horizontal planes. There are two characteristics of the local SP 
phase: 1) the SP phase does not have a transverse-horizontal component in a 
uniform isotropic half space and 2) the vertical component of the SP phase is 
smaller in comparison with the vertical component from a direct S wave. It is 
possible that the vertical amplitude of the SP phase might increase relative to 
the direst S phase because of focusing and de-focusing effects of the 
topographic irregularities on the amplitudes or because of amplitude reduction 
of the S phase due to nodes in the source radiation pattern. If these effects are 
absent, then the particle motion on the transverse plane will be essentially 
unidirectional, representing the direct S-wave particle motion and the small SP 
motion will never be orthogonal to the direct S wave. In the case of the 
anisotropy-induced shear-wave splitting the particle motion on the transverse 
plane will be bi-directional, representing the two almost nearly orthogonally-
polarised split shear waves. To conclude, the existence of the SP phase with 
the S phase might be misinterpreted as shear-wave splitting, if the horizontal 
plane is inspected without the simultaneous inspectioh of the vertical planes. 
The inspection of the particle motion diagrams of the ALNET dataset did not 
reveal the existence of the local SP phase. 
The existence of a low-velocity surface layer on the top of an isotropic 
half-space can add to the complexity of the seismograms. The S to P converted 
waves are generated at the interface between the two layers and appear as 
precursors to the direct S wave at small epicentral distances. The local SP 
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Figure 4.9: Seismograms and particle motions at the free surface of an isotropic half-
space, generated by plane S waves (a and b) and S waves with a curved wavefront 
from a point source (c and d), for a range of incidence angles. The polarisation angle 
e of the incident shear waves is 30 0• The arrowed arrival on the seismograms and 
polarisation diagrams in (c) and (d) is the SF headwave along the free surface. The 
time-scale in (c) is a reduced time-scale T-X/4.0, where T is the travel time and X 
is the epicentral distance from a 6Hz point source at 10km depth. (V)ertical, (R)adial 
and (T)ransverse seismograms are plotted for incidence angles i, and each set of 
polarisation diagrams represents from left to right, the particle motion in the sagittal, 
transverse and horizontal planes. The polarisation diagrams are annotated by labels 
denoting directions (U)p, (D)own, (T)owards the source, and (A)way, (L)eft and 
(R)ight from the source. 
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Having identified the shear-wave onset, the linear particle motion is 
used to determine and measure the polarisation direction. However, if the 
shear-wave onset is obscured by the preceding P-wave coda or background 
noise, the resulting polarisation may become elliptical or slightly elliptical. If 
the time delays between the two split shear waves are small, this can also 
result in elliptical particle motion. In order to distinguish between the two 
sources of elliptical particle motion, it is useful to inspect the particle motion 
in the two time windows immediately preceding the time window of the shear-
wave onset. If the deviation of the elliptical motion from the average 
polarisation direction is comparable to the noise or P-wave coda level, then the 
average polarisation direction is chosen (Figure 4. lOa). Otherwise, if the coda 
is small, the immediate onset of the elliptical motion is chosen as the direction 
of the first shear wave (Figure 4.10b). If possible, vector polarisations are 
measured by assessing the sense (polarity) of the first motion. A qualitative 
weight is given to each polarisation measurement: 1 - excellent, 2 - good, 3 - 
poor. The weights reflect the uncertainty in identifying the onset of the first 
split shear wave and in measuring the polarisation direction. Quality 1 
measurements have impulsive onsets, high signal to noise ratio and a distinct 
linear motion, usually for three or more samples. Quality 2 has a less certain 
onset and/or more elliptical motion, or motion disturbed by noise. Quality 3 
measurements are those with low signal to noise ratio and/or uncertain onsets 
(Rowlands, 1995). 
The identification of the second split shear wave, for measuring the 
time delays, is often quite difficult. The second split shear wave is often 
obscured by the preceding S-wave coda. Moreover, the polarisation generated 
by the source might not excite the two split shear waves equally, and therefore 
one of the S waves might be small or absent for a particular raypath. The 
second split shear wave is recognised on the particle motion diagrams as an 
abrupt change in the polarisation direction of the first split shear wave, mainly 
towards the direction that is perpendicular to it. Then the time delay can be 
read directly from the particle motion diagrams, as the number of data samples 
between the onset of the first and second split shear waves. It is also possible 
to measure this parameter by finding the time delay for maximum correlation 
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Figure 4.10: a) The polarisation of the shear-wave onset in the horizontal plane 
in window S-2 is elliptical because of the superimposed background P-wave 
coda (the window P-5 displays the P-wave coda, magnified 4 times as 
indicated on the top right side of the window). In this case, the average 
polarisation direction marked by a bar in S-2 is considered to be the 
polarisation direction of the shear-wave. b) Shear-wave ellipticity due to a 
small time delay between the two split shear waves. It is clear in window P-5, 
which displays the P-wave coda magnified 4 times, that the size of the P-wave 
coda is too small to create this degree of ellipticity. 
Ini 
and orthogonal to the polarisation direction of the first split shear wave. 
However, this requires that the two split shear waves are orthogonal, which is 
not usually strictly true for propagation in non-symmetry directions. 
Furthermore, the second split shear wave might differ in amplitude and 
frequency from the first split shear wave, since it samples different properties 
of the rockmass, and therefore the two split shear waves might not be exactly 
similar. Despite the above difficulties, this technique was frequently used for 
the ALNET dataset in order to check the measurement of the polarisation 
direction and then measure the time delays as accurately as possible. The 
measurements are assigned a weight in order to assess them qualitatively. 
Figure 4.11 shows a number of recordings with the corresponding 
measurements. Table 4.2 shows all the measurements of the final dataset, after 
discarding measurements of weight 3. However, the validity of small time 
delays ((0.03s) is questioned because the data bandwidth (30 Hz) offers 
picking accuracy of ±0.03 s and, therefore, small time delays are beyond the 
resolution of the data. 
The above method is considered the only useful method for interpreting 
complex earthquake data for shear-wave splitting analysis. The measurements 
are straightforward to make in the presence of strong anisotropy. However, the 
results tend to become subjective when time delays are small, and particle 
motion becomes elliptical, as in the case of the ALNET dataset. 
4.6 RESULTS AND INTERPRETATION 
Figure 4.12 shows the horizontal projections of the leading shear-wave 
arrivals on equal-area projections of the lower focal hemisphere, and Figure 
4.13 shows the measured geographical polarisations at each station as rose 
diagrams, where the centre of the rose represents the station. Polarisations at 
stations AL2, AL3, AL7 and AL8 show weak alignments in directions N60°E, 
N30°E, MOVE and N75°E respectively; the polarisation directions at station 
ALl are oriented Northeast and East and the stations AL4 and AL5 show 
significant scattering in the polarisation directions. Clusters of events that have 
been identified in Chapter 3 (Table 3.3), have been used to estimate the error 
in measuring the polarisation direction at each station. The events used for the 
error estimation are in bold and italics in Table 4.2. The number of the events 
40a 
Figure 4.11: Examples of three-component seismograms from each station with the 
corresponding particle motion diagrams, that correspond to O.ls time windows, as 
marked above the traces. Ticks on the particle displacements occur every O.Ols and 
a gain factor (xl,  x2, etc.) is marked above each set of polarisation diagrams. The 
polarisation direction relative to the radial direction (0) as measured on the Radial-
Transverse plane is marked. If the geographical polarisation direction does not coincide 
with the radial direction, the traces are rotated to the geographical polarisation 
direction and the direction orthogonal to it, in order to demonstrate shear-wave 
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TABLE 4.2: Measurements of the shear-wave splitting parameters of the final dataset. PoL 
is the geographical polarisation; P. refers to polarity (1 for having defined the polarity and 
0 for not); Del. refers to the time delay between the two split shear waves; W. is the weight 
assigned to the measurements; Dist. is the epicentral distance and Angi. is the angle of 
incidence (see text for its calculation). Events with dates in bold type correspond to events 
that belong to clusters of events (refer to Table 3.3 to see how the events are grouped 'into 
clusters), which were used for estimating the errors of measuring the polarisation direction 
at each station. 
DATE TIME STN. POL. W. P. DEL. W. DEPTH DIST. ANGI. 
(YRIOmY) (HRi/sECS) (°N) (SAMPLES) (KM) (Km) (°) 
920612 1603 AL3 266. 1 1 2 1 4.66 1.9 22.0 
920705 0107 AL4 257. 2 0 3 1 1.59 5.8 74.7 
920706 1750 AL3 228. 2 0 6 3 9.60 9.9 45.9 
920707 0843 AL4 72. 2 0 12.43 7.3 30.5 
920707 2100 ALl 216. 2 0 2 3 12.11 2.9 13.5 
920707 2100 AL2 259. 2 0 4 3 12.11 8.4 34.7 
920803 1114 AL4 287. 1 0 3 2 4.49 7.3 58.4 
920804 0003 AL3 24. 2 1 3 3 3.12 3.0 43.9 
920808 1552 AL4 310. 2 0 6 3 2.58 3.i 50.2 
920808 2045 AL5 327. 2 0 2.31 6.2 69.6 
920812 0239 AL3 48. 2 0 10.85 1.3 6.8 
920812 0240 AL3 60. 2 0 9.26 1.1 6.8 
920818 0102 AL2 229. 2 0 4 3 8.36 7.2 40.7 
920818 0308 AL2 232. 1 0 2 2 7.48 7.3 44.3 
920818 0308 AL3 24. 2 1 2 2 7.48 2.9 21.2 
920818 0907 ALl 52. 2 0 6 3 7.74 5.9 37.3 
920818 0907 AL2 244. 2 0 3 3 7.74 5.4 34.9 
920818 0907 AL3 26. 1 0 7.74 5.7 36.4 
920831 0250 AL4 2. 1 0 3.49 5.4 57.1 
920831 2305 AL3 33. 1 1 2 2 4.85 3.0 31.7 
920901 0922 AL4 280. 2 0 1.55 4.5 71.0 
920901 1342 AL3 5. 2 0 6.23 6.1 44.4 
920902 0730 AL4 39. 2 0 2.97 2.4 38.9 
920903 0333 AL4 99. 2 0 4.49 1.7 20.7 
920904 0947 AL3 343. 2 0 3.90 2.7 34.7 
920905 0347 AL4 18. 2 0 2.79 2.4 40.7 
920907 0935 AL4 283. 2 0 3 2 4.93 3.7 36.9 
920911 0913 AL4 116. 1 0 6 1 2.21 3.0 53.6 
920911 1541 AL3 288. 2 0 2.26 2.9 52.1 
920911 1838 AL3 170. 2 0 4.71 1.3 15.4 
920915 1734 AL2 259. 1 0 8 3 6.71 5.2 37.8 
920915 2009 AL1 95. 2 0 6.84 6.2 42.2 
920915 2009 AL2 262. 2 1 9 2 6.84 5.0 36.2 
920916 0905 ALl 98. 2 0 5 2 6.97 6.1 41.2 
920916 0905 AL2 257. 2 1 6.97 5.1 36.2 
920916 0905 AL3 17. 1 0 6.97 5.6 38.8 
920916 1630 AL2 264. 2 0 6.69 5.2 37.8 
920926 2100 AL5 49. 2 1 5 3 2.96 3.0 45.4 
921001 0236 AL3 254. 2 0 4.08 5.5 53.4 
921001 1757 AL3 238. 2 0 5.25 4.3 39.3 
921011 0024 ALS 358. 2 0 3.97 7.5 62.1 
921019 1606 AL5 27. 2 1 2.86 5.9 64.1 
921021 0233 AL5 22. 2 0 1.15 6.5 80.4 
921022 1026 AL3 356. 1 1 2 2 0.54 3.6 81.5 
921029 1322 AL3 38. 1 1 2 1 3.31 3.0 42.2 
921105 0054 AL5 87. 2 0 3 2 1.07 5.1 78.1 
921105 0054 AL4 350. 2 0 2 2 1.07 5.5 79.0 
921105 0242 AL7 326. 2 1 2.37 3.1 52.6 
921108 1905 AL4 200. 2 1 2 3 2.27 3.8 59.1 
DATE TIME STN. POL. W. P. DEL. 	W. DEPTH DIST. ANGI. 
(YImY) (HR/SECS) (°N) (SAMPLES) (Km) (Km) 	(°) 
921112 0308 AL7 343. 2 1 1.67 3.9 66.8 
921112 0308 AL5 97. 2 0 4 	2 1.67 4.8 70.8 
921112 0308 AL4 270. 2 0 1.67 4.7 70.4 
921116 0335 ALl 39. 2 0 6 	2 8.63 5.4 32.0 
921118' 1042 AL5 15. 2 0 3 3 0.84 4.1 78.4 
921119 0400 AL7 94. 2 1 1.39 5.4 75.6 
921119 0400 AL5 115. 2 0 1.39 6.3 77.5 
921122 0711 AL7 70. 2 0 2.98 5.7 68.0 
921122 0711 AL3 312. 2 0 5 	2 2.98 7.1 67.2 
921126 0238 AL4 38. 2 0 2 3 1.90 5.6 71.2 
921126 0751 AL4 17. 2 1 2 	2 2.42 5.3 66.4 
921126 0751 AL3 324. 2 1 2.42 5.4 66.9 
921126 0914 AL3 285. 2 0 1.56 5.6 74.4 
921126 1123 AL7 79. 2 0 5 	2 3.64 5.4 56.0 
921128 0507 AL4 45. 2 0 1.80 5.2 70.9 
921128 0905 AL4 335. 1 0 4 	2 1.92 4.0 64.6 
921204 0304 ALl 50. 2 0 6 2 10.08 4.5 24.0 
921204 0304 AL3 309. 2 0 10.08 .7.8 37.7 
921207 0734 AL3 35. 2 1 1.96 2.7 54.0 
921208 0403 AL3 11. 2 1 3 	2 9.96 6.6 33.5 
921211 2138 AL7 341. 2 0 3.04 3.3 47.3 
921217 1531 AL3 288. 2 0 10.87 9.2 40.2 
921217 2012 AL3 283. 2 1 11.28 9.4 39.8 
921221 1557 AL4 239. 2 0 2.87 4.6 58.0 
921229 0125 AL3 295. 2 0 8.93 9.4 46.5 
921230 1424 AL7 265. 2 1 1.71 5.3 72.1 
930103 1356 AL5 268. 2 0 10.03 11.3 47.6 
930103 2344 AL7 328. 2 1 1.02 5.3 79.1 
930105 0905 AL4 286. 2 0 3 	2 3.69 5.5 56.1 
930105 0905 AL7 271. 2 1 3.69 5.3 55.1 
930105 0905 AL5 112. 2 0 3.69 6.2 59.2 
930109 2000 AL7 4. 2 1 9 	3 3.09 4.9 57.8 
930114 1343 AL5 219. 2 0 12.64 9.7 37.5 
930114 2020 AL7 314. 2 1 0.58 5.7 84.2 
930115 0007 AL7 330. 2 1 1.01 3.8 75.1 
930115 0541 AL7 279. 2 1 1.90 4.5 67.1 
930124 0230 AL7 46. 2 1 1.78 4.1 66.5 
930130 1441 AL7 345. 2 1 0.83 3.9 78.0 
930130 1441 AL4 310. 2 0 0.83 4.6 79.8 
930130 2107 AL7 299. 2 1 2 	3 5.63 7.4 52.7 
930130 2107 AL4 240. 2 0 5.63 9.4 59.1 
930131 2230 AL7 121. 2 1 1.79 5.0 70.3 
930131 2230 AL4 23. 2 0 1.79 5.2 71.0 
930904 2251 AL7 286. 2 0 6.69 4.7 35.1 
930904 2251 AL8 267. 2 1 12 	2 6.69 4.9 36.2 
930906 1735 AL8 85. 2 0 11.33 8.7 37.5 
930906 2052 AL7 245. 2 0 9.02 5.9 33.2 
930919 1424 AL8 245. 2 0 11.51 9.8 40.4 
930919 1424 AL7 253. 2 0 11.51 10.4 42.1 
930922 1033 AL3 292. 2 0 3.81 2.8 36.3 
930923 1306 AL4 185. 2 0 2 	2 14.09 8.9 32.3 
930924 2209 AL4 195. 1 0 11.27 10.6 43.2 
930930 1213 AL3 17. 2 0 8.94 5.5 31.6 
931002 2115 ALB 262. 2 0 12.80 9.8 37.4 
931002 2151 ALB 264. 2 0 12.29 8.5 34.7 
931002 2236 AL8 265. 2 1 12.84 8.7 35.2 
931005 1930 A13 294. 2 1 2 	2 13.61 1.1 4.6 
931005 1930 AL4 249. 2 1 3 3 13.61 6.8 26.5 
931005 1930 ALl 213. 2 1 13.61 11.8 38.9 
931005 1934 AL3 288. 2 1 3 	3 13.54 1.2 5.1 
931005 1934 ALl 250. 2 1 13.54 11.8 41.1 
931005 1936 AL4 81. 2 0 13.43 6.6 26.2 
931005 1936 AL7 87. 2 1 8 	2 13.43 10.2 37.2 
WON 
DATE TIME STN. POL. W. P. DEL. 	W. DEPTH DIST. ANGI. 
(YRMNDY) (HR1/SEcS) (UN) (SAMPLES) (Kin)  
931007 1535 AL8 256. 2 1 12.56 8.8 36.0 
931007 1535 AL7 94. 2 1 12.56 9.1 40.0 
931007 1535 AL4 188. 2 0 12.56 11.9 43.4 
931009 1745 AL8 261. 2 1 12.80 6.9 28.3 
931009 1745 AL7 281. 2 1 18 	2 12.80 7.8 31.3 
931009 1809 ALB 221. 2 1 5 3 12.77 7.7 31.1 
931009 1809 AL7 286. 2 1 12.77 8.7 34.3 
931011 1352 AL7 131. 2 0 16.44 11.7 35.4 
931012 0129 AL8 263. 2 0 4.60 2.4 27.5 
931012 1031 AL8 91. 2 1 13.17 8.9 34.0 
931012 1031 AL7 276. 2 1 13.17 9.6 36.1 
931012 1031 AL4 303. 2 1 13.17 11.2 40.4 
931013 1022 ALB 75. 2 1 8.31 5.2 32.0 
931013 1119 AL8 258. 2 1 11.86 9.8 39.6 
931014 1119 AL8 257. 2 1 11.86 7.5 32.3 
931017 2354 AL7 299. 2 1 11.33 8.8 37.8 
931017 2354 AL4 242. 2 1 11.33 10.6 43.1 
931019 1114 AL3 224. 1 0 2.96 2.6 41.3 
931019 1725 AL7 284. 2 1 6.04 2.4 21.7 
931019 1725 ALB 63. 2 1 6.04 3.4 29.4 
931019 2125 AL3 337. 2 0 6.61 2.5 20.7 
931019 2305 AL7 291. 2 1 6.38 1.3 11.5 
931019 2305 AL8 66. 2 0 6.38 3.3 27.3 
931019 2305 AL4 322. 2 1 6.38 5.2 39.2 
931024 0426 AL3 166. 2 1 2.72 2.8 45.8 
931024 1953 AL3 189. 2 1 2.43 2.5 45.8 
931024 2316 AL7 283. 2 1 5.61 2.3 22.3 
931024 2316 AL8 61. 2 0 5.61 3.2 29.7 
931025 1528 AL3 252. 2 1 2 	2 1.55 2.3 56.0 
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Figure 4.12: Horizontal projections of the polarisations of the leading shear-wave 
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Figure 4.13: Equal-area rose diagrams of the distributions of polarisation directions 
shown in Figure 4.12. 
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used is small; however, it can be shown which stations reveal large 
measurement errors relative to the other stations. The errors are estimated for 
each station, for different events within the same cluster. The stations AL 1, 
AL2, AL7 and AL8 show the smallest errors (less than 10 °), AU and AL4 
the largest errors (larger than 20°) and a similar estimation was not possible 
for station AL5 because the final data set did not include any cluster of 
earthquakes recorded by AL5. 
The above polarisation distributions refer to both seismograms that 
display both clear shear-wave splitting and those where the shear waves are 
obscured by the large P-wave coda. Figure 4.14 shows the azimuthal 
distributions of polarisation directions of the leading shear-wave arrivals on 
horizontal equal-area projections which show clearly shear-splitting at each 
station, and Figure 4.15 shows the rose diagrams of these selected 
measurements. Table 4.3 is a list of the selected events. The technique for 
identifying positively the shear-wave splitting, and its uncertainties, has already 
been discussed in section 4.5. For all stations, except AL3, the polarisations 
show an almost east-west alignment which is also present in Figures 4.12 and 
4.13, that include all measurements and therefore display more scattering due 
to the superimposed P-wave coda on the shear waves. The polarisations at 
AU display a different orientation from the predominant east-west direction 
at the rest of the stations, and this could not be attributed to converted waves 
as the seismograms at this station are quite simple (refer to section 3.2) or to 
a source effect as this polarisation direction is dominant through different 
azimuths (Figure 4.12). Any attempt to determine focal mechanisms of these 
events was not fruitful because of the few available P-wave onsets. The 
incorporation of the shear-wave polarisations would restrict the range of the 
focal mechanisms compatible with the data but these were affected by the 
shear-wave splitting, and therefore did not represent the polarisation at the 
source. The Almiros data set was not considered suitable for testing a method 
that would take into account the shear-wave splitting while determining the 
source mechanisms. 
The East-West polarisation direction of the first split shear-wave 
arrivals observed at some of the stations could be explained by the presence 
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Figure 4.14: Distribution of polarisation directions of the leading shear-wave arrivals 
which clearly shows shear-wave splitting. 
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Figure 4.15: Equal-area rose diagrams of the distributions of polarisation directions 










TABLE 4.3: The events that clearly display shear-wave splitting. 
DATE TIME STN. POL. W. P. DEL. W. DEPTH DIST. ANGI. 
(YR14NDY) (RR11/SECS) (ON) (SAMPLES) (Km) (Km) (°) 
920612 1603 AL3 266. 1 1 2 1 4.66 1.9 22.0 
920705 0107 AL4 257. 2 0 3 1 1.59 5.8 74.7 
920803 1114 AL4 287. 1 0 3 2 4.49 7.3 58.4 
920804 0003 AL3 24. 2 1 2 2 3.12 3.0 43.9 
920818 0308 AL3 24. 2 1 2 2 7.48 2.9 21.2 
920907 0935 AL4 283. 2 0 3 2 4.93 3.7 36.9 
920915 2009 ALl 95. 2 0 6.84 6.2 42.2 
920915 2009 AL2 262. 2 1 9 2 6.84 5.0 36.2 
920916 0906 ALl 98. 2 0 5 2 6.97 6.1 41.2 
921022 1026 AL3 356. 1 1 2 2 0.54 3.6 81.5 
921029 1322 A13 38. 1 1 2 1 3.31 3.0 42.2 
921105 0054 AL5 87. 2 0 3 2 1.07 5.1 78.1 
921105 0054 AL4 350. 2 0 2 2 1.07 5.5 79.0 
921112 0308 AL5 97. 2 0 4 2 1.67 4.8 70.8 
921126 1123 AL7 79. 2 0 5 2 3.64 5.4 56.0 
921204 0304 ALl 50. 2 0 6 2 10.08 4.5 24.0 
921208 0403 AL3 11. 2 1 3 2 9.96 6.6 33.5 
931005 1936 AL7 87. 2 1 8 2 13.43 10.2 37.2 
regime (Papazachos et al., 1983, Taymaz et al., 1991 and Hatzfeld, 1994, 
personal communication). The results show scatter about the east-west 
direction, revealing the existence of a local heterogeneous stress field. The 
existence of internal deformation in faults under an extensional tectonic regime 
has already been discussed in Chapter 2, and could be the cause of the 
polarisation observed at station AL3, which significantly differs from the 
polarisations at the rest of the stations. 
The complex and emergent shear waves observed in the area did not 
provide enough measurements of the shear-wave splitting characteristics to 
monitor any temporal changes of time delay. Moreover, no mainshock ocurred 
during the study period (June 1992-January 1993 and September 1993-October 
1993) which could have caused changes in the seismic anisotropy in the area, 
and therefore in the time delays of the two split shear waves. Even if a 
mainshock had occurred, it would have been difficult to study the temporal 
changes of the shear-wave splitting characteristics in areas which display 
complex waveforms. 
4.7 CONCLUSIONS 
The shear-wave records were difficult to analyse and to provide 
conclusive information about the anisotropy in the Almiros area, due to the 
presence of a large amplitude P-wave coda which interfered with the shear-
wave arrivals on many seismograms, with the result that the shear-wave onsets 
were difficult to identify and process. The results revealed scattered 
orientations about the east-west direction at stations AL I, AL2, AL7 and AL8, 
an almost north-south orientation at station AL3 and scattered orientations at 
stations AL4 and AL5. The almost east-west orientations could be explained 
by the existence of microcracks, aligned by the existing north-south extensional 
tectonic regime. 
Azimuthal variations in these shear-wave polarisation directions at each 
station, which cause scatter in the average station polarisations, may be caused 
by local variations in the stress field, but are equally likely to be caused by 
variations in the anisotropic internal structure of the Nea Anghialos fault zone. 
Discrimination between these possible causes is not possible without the 
observation of temporal changes in the splitting characteristics, which would 
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favour stress-aligned cracks as the primary cause of the splitting. As no 
mainshock occurred in the area during the time period examined, it is unlikely 
that the stress field has changed sufficiently with time to cause temporal 
changes of the shear-wave, splitting characteristics. However, even if a 
mainshock had occurred in the area, it would not have been possible to 
monitor the temporal variations in the splitting characteristics within the time 
window studied, due to the difficulties that the complex records imposed. 
Moreover, the validity of the measured small time delays ((0.03 s) is 
questioned since they are beyond the resolution of the data set (±0.03 s). The 
different polarisation direction observed at station AD could be due to the 
existence of fractures in the area which trend almost N-S. The possibility that 
this might be a source effect is excluded, because the same polarisations are 
observed along different azimuths. 
The shear-wave splitting studies require recordings of clearly 
identifiable splitting over a long time window in order to study the azimuthal 
distribution of the polarisation of the first split shear wave and any temporal 
variation of the time delay between the two split shear waves. It is important 
to conduct a preliminary feasibility study in order to identify areas which 
would give recordings with impulsive shear-wave onsets with a low amplitude 
P-wave coda, which are essential for the shear-wave splitting precursor 
research, before setting up a network which would operate for a long time 
period. 
It is expected that regions of distributed active continental deformation 
will provide shear-wave data difficult to analyse and interpret. However, there 
are cases where simple seismograms have been obtained in such areas: one 
example is that of the Turkish Dilatancy Project which was setup in order to 
analyse records from three-component seismometers immediately above a 
swarm of small earthquakes near the North Anatolian Fault. However, a region 
dominated by normal faulting which involves internal deformation and block 
rotation (Chapter 2) is expected to provide more complex records than a region 
of strike-slip faulting. 
CHAPTER 5 
A METHOD TO DETERMINE MICROEARTHQUAKE FOCAL 
MECHANISMS IN THE PRESENCE OF SEISMIC ANISOTROPY 
5.1 INTRODUCTION 
The waveforms of body wave signals carry information about both the 
source and the path. Frequently in seismology there is difficulty in separating 
the effects of the path from the source, when interpreting waveforms. For 
example, pulse duration may be dominated either by anelastic attenuation or 
by the effect of a finite rupture. An analogous difficulty can arise when the 
polarisations of S waves are analysed and incorporated in the determination of 
focal mechanisms. In many circumstances the observed polarisation 
characteristics might be due to the source radiation or, if the wave enters a 
seismically anisotropic medium, a combination of both. Any attempt to 
determine source or path parameters should therefore consider the possibility 
that both the source and the path may contribute to the observations, and take 
account of both. 
One of the objectives of this study was to determine focal mechanisms 
to obtain a more complete picture of the tectonic regime in the Almiros region. 
The available number of stations, five three-component stations and one 
vertical component station, would not permit the determination of well-
constrained focal mechanisms with the use of only P-wave first motions. 
Consequently, it was essential to extract more information from the 
seismogram, using the S waves, to obtain focal mechanisms. However, I will 
show that the S-wave polarisations cannot be measured correctly unless the 
effect of possible anisotropy is taken into account. For the case of the Almiros 
data, the determination of focal mechanisms using P-wave polarities did not 
provide any well-constrained focal mechanisms, and the incorporation of 5-
wave polarisations led to invalid results, because S-waves were emergent and 
frequently obscured by P-wave coda. 
This chapter describes a new method which is an extension of the 
Relative AMPlitude method (RAMP of Pearce and Rogers, 1989) to 
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microearthquakes, in which the polarities and relative amplitudes of two- or 
three-component direct S waves are measured in addition to P-wave polarities. 
For each earthquake, the identification of any apparent shear-wave splitting is 
confirmed by comparing the mutual compatibility of observations at all stations 
under different interpretations of the supposed slow S wave. This provides 
evidence of the correct identification of shear-wave splitting which does not 
rely on the analysis of the seismic waveforms themselves. 
Although this new method could not be applied successfully to the 
Almiros data because of the data quality, the following two chapters show that 
it can be useful to areas with higher signal to noise ratio. 
5.2 EARTHQUAKE SOURCE 
The main earthquake models that have been proposed so far for natural 
seismicity are the double couple (Honda, 1957; Aki, 1960 a and b), the 
compensated linear vector dipole (CLVD) proposed by Knopoff and Randal 
(1970), and the tensile crack mainly reported by local data as in Iceland 
(Foulger and Long, 1984). The double couple model has been widely used as 
an a priori assumption in the determination of focal mechanisms over the last 
30 years and represents shear failure or relative movement along a planar fault 
plane. There have been studies in which the a priori assumption of the double 
couple source mechanism has been relaxed and yet the results confirmed its 
validity (Pearce and Rogers, 1989). The compensated linear vector dipole may 
be applicable to some deep earthquakes and earthquakes associated with 
magma intrusion, and this source type is represented by a positive dipole 
whose volume gain is removed by an implosive component. However, it 
appears that the double couple is the appropriate model to describe most deep 
events (Stimpson and Pearce, 1987). Finally, the tensile crack may be 
appropriate for processes that relate to magma intrusion and it is the only 
widely-proposed model that involves net gain of volume. The double-couple 
source mechanism is assumed a priori to hold for the microearthquakes studied 
throughout this thesis. The P- and S-wave radiation patterns of a double-couple 
focal mechanism are illustrated in Figure 5.1. 
The distribution of the P-wave first motions on the focal sphere, Figure 










Figure 5.1: P- and S-wave radiation patterns of the double couple source (after 
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of the polarities are concentrated around the nodal planes. Most of the P-wave 
first motion information is redundant if the station distribution is not optimum. 
To overcome this difficulty, I introduce S-wave polarisation observations which 
are more informative because the polarisation direction is continuously variable 
with angle, as can be seen from the radiation pattern in Figure 5. lb. Methods 
that include the S-wave polarisation direction can be traced back to the 1960's 
(Udias, 1964; Hirasawa, 1966; Stevens, 1967), methods that incorporate both 
P-wave first motions and S-wave polarisations were developed to produce a 
composite focal mechanism (Udias and Baumann, 1969; Chandra, 1971; 
Dillinger et al., 1972). These attempts to incorporate shear-wave polarisations 
were of limited success because of large errors associated with poor cross-
calibration of the horizontal components, and because of the failure to take due 
account of these and other uncertainties in the determination of the best-fit 
mechanism. 
There are studies which use shear-wave measurements in focal 
mechanism determinations without considering the possible effect of shear-
wave splitting on the observed seismograms (e.g. Haar et al., 1984, Xiong et 
al., 1993). Bernard and Zollo (1989) selected only the stable S-wave 
polarisations with time in order to determine the focal mechanisms from a 
dataset of local earthquakes. In the case of a local, moderate earthquake, Zollo 
and Bernard (1989) have interpreted the unstable polarisations, with time, in 
terms of anisotropy and have applied an inversion method on waveforms 
corrected for the shear-wave splitting effect, in order to determine the focal 
mechanism parameters. Zollo and Bernard (1991) have proposed the 
combination of P polarities and S polarisations for determining the focal 
mechanism, and this method has been applied to local earthquakes in Crete 
(De Chabalier et al., 1992). Their inversion method consists of computing a 
probability density function which measures the fit between the polarisations 
as measured from real data, and the calculated polarisations generated by a 
point double-couple source. They assume a Gaussian distribution of expected 
errors which depends on the polarisation stability with time. 
Information can also be extracted from the azimuthal P-wave amplitude 
distribution. However, absolute amplitude measurements are prone to large 
errors because of poorly known path attenuation, or because of poor instrument 
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calibration. Therefore, I use relative amplitude measurements which are more 
reliable since the path effects and instrument response cancel out between 
measurements made at the same station and when cross calibration between the 
three components is well known. 
5.3 PA TM EFFECTS 
Shear waves are affected by any seismic anisotropy along the raypath. 
Depending upon the strength of anisotropy and the path length in relation to 
the observed wavelength, the effect on the waveform may be considerable, and 
must be taken into account if shear waves are to be used in the determination 
of focal mechanisms. 
In Chapter 4 shear-wave splitting, as a diagnostic tool for the presence 
of anisotropy, has been described. The observed amplitudes of the orthogonal 
split polarisations are determined by the orientation of the original source 
polarisation with respect to the fast and slow split shear-wave polarisations. 
Consequently, the polarisations of the shear waves in anisotropic media can no 
longer be related directly to the source polarisations, which would be preserved 
intact at the receiver in the case of isotropy. In the case of the P waves, the 
deviation of polarisation direction from group-velocity direction is small and 
can safely be neglected (Crampin et al., 1982). 
For local networks, where few recordings are available, a well-
constrained focal mechanism can be achieved by incorporating S-wave relative 
amplitudes. In such cases, the anisotropy of the earth structure between source 
and receiver should be taken into account as it masks the source S-wave 
polarisation at the receiver. 
5.4 DETERMINATION OF SOURCE MECHANISMS USING S WA VES 
In this study, the Relative Amplitude Moment tensor Program (RAMP) 
of Pearce and Rogers (1989), modified for local shear-wave observations, is 
used to determine focal mechanisms. The focal mechanism, source type and 
orientation, can be resolved by using features of the seismogram that directly 
relate to the source, thus minimising the need to provide information about the 
earth structure. The relative amplitude method was principally designed for use 
at teleseismic distances (Pearce 1977, 1980, Pearce and Rogers 1989) and was 
first used at local distances by Murdie et al. (1993). 
A number of special factors need to be taken into account when using 
locally recorded three component P or S waves. Firstly, allowance must be 
made that a free surface recording comprises the sum of the incident wave and 
the reflected P and S waves, whereas it is the incident wave (either P or 5) 
whose characteristics we require. At teleseismic distances this difference is not 
important, either because we are considering the relative amplitude of phases 
recorded on the same trace (e.g. P, pP and sP) or because in the case of three 
component S waves, we are only considering the relative amplitude of the two 
horizontal components, and for emergent angles close to the vertical, the 
relationship between the radial and transverse components and the surface 
motion is similar. However, if the angle of emergence is not small, or we wish 
to consider the relative amplitudes of horizontal and vertical components, we 
must correct for the ratio of the free surface motion to the incident wave 
motion for each component. Those ratios may be derived from the amplitude 
partitioning equations and have been investigated by, for example, Evans 
(1984). Pearce and Young (1995) show those ratios graphically for both 
incident P and S waves, and the appropriate corrections are applied here. 
As discussed in Chapter 4, the analysis of locally recorded three-
component shear waves should be restricted to angles of emergence less than 
the critical angle, which is approximately 35°. In section 4.4 it was argued that 
this angle can be increased up to 400.  Consequently, in what follows, the main 
indication for using a specific seismogram or not is the inspection of the shear 
wave itself and whether or not it is simple and impulsive. 
Measurements can utilise P-wave and S-wave polarities and amplitudes. 
The polarities can be specified as positive (+ve), negative (-ye) or in the case 
of emergent or otherwise uncertain first motion, unknown (U). If the polarity 
is unknown, but can be specified with confidence relative to the unknown 
polarity of another component, then the 'same as' (S) or 'opposite to' (0) this 
other component can be specified. The latter is particularly useful in the case 
of S waves when their first arrivals are frequently obscured by P-wave coda 
or S-to-P precursors. 
For each amplitude measurement upper and lower bounds are specified, 
and the range can be made sufficiently broad to allow for any uncertainties due 
to seismic noise, pulse shape, instrument response and interfering arrivals 
(Pearce 1980). Because bounds are imposed on each amplitude there is no 
'goodness of fit'; any station is either compatible or incompatible with the data 
(Pearce 1980). 
For three component S waves the method eliminates the effect of the 
path by utilising the amplitude ratios between the three components, so that the 
measurements are imposing constraints upon the polarisation direction of the 
shear wave but not on its amplitude. This means that amplitudes on each 
component may be measured in (the same) arbitrary units. This relies upon 
reliable cross-calibration between the components; if this is unreliable then no 
amplitude constraint can be imposed, and the only constraint possible is 
provided by polarity measurements. 
If the number of observations is not adequate to discriminate between 
different source types (e.g. double couple and CLVD), then a single source 
type (usually the double couple) is assumed, and the ratios of amplitudes for 
each phase pair are calculated for all the fault plane solutions within the 
solution space. The solution space is a 3D search grid with the parameters 
strike, dip and slip angle taking values within the ranges (0-360)°, (0-180)° and 
(0-180)' with a step that can be defined. If the calculated ratios of amplitudes 
fall within the observed specified bounds then this fault plane solution is 
considered compatible with the data. All the final solutions from RAMP are 
considered equally likely. 
Figure 5.2 shows a graphical output, in the form of a vectorplot, from 
RAMP in which one can easily depict the source orientation, determine the 
fault type and the quality of the input data. The position of the major fault 
types are annotated on the graph. Figure 5.3 shows the definition of strike, dip 
and slip angle that RAMP uses and the definition of strike, dip and rake 
according to the Aki and Richards (1980) convention, for comparison. 
The method requires the observations of the operator and can deal with 
single events only. Furthermore, only the features of the seismogram that relate 
directly to the source are used, eliminating the possibility of distorting the 
input data by poor knowledge of the earth structure. Since only polarity and 
amplitude measurements are needed, analogue seismograms can also be used. 
Finally, the number of the compatible solutions in graphical output is an 
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Figure 5.3: a) Definition of source orientation in space (Pearce, 1977). b) Definition 
of fault orientation parameters according to the Aki and Richards convention (1980). 
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estimate of the precision and distribution of the measurements. 
The following section describes the method developed in order to use 
shear waves in cases where shear-wave splitting would render them unusable 
in the focal mechanism determination. Using this method, the presence or 
absence of shear-wave splitting can be confirmed by examining the 
compatibilty of the observations with a double-couple source under different 
interpretations of the shear waveforms. 
5.5 THE METHOD 
The new procedure developed to determine the focal mechanisms and 
take into account the effect of anisotropy, where it exists, is as follows: Events 
with at least three station recordings are selected, and only those S recordings 
with angles of incidence less than 350  (section 4.5) which give clear and 
impulsive shear waves suitable are used in the focal mechanism determination. 
It is important to identify the shear wave onset in order to ensure reliable 
measurements of S-wave polarity and amplitude. Therefore, the procedure 
described in section 4.5 that projects the shear-wave energy on particle motion 
diagrams in order to identify the shear-wave onset correctly is followed here. 
The polarisation direction of the direct shear wave is measured in the 
horizontal plane from the particle motion plots, and the radial and transverse 
traces are then transformed again into the horizontal directions which 
correspond to the polarisation direction, X, of the first shear-wave arrival, and 
the direction perpendicular to it, Y (Figure 5.4); y is the polarisation direction 
of the first shear-wave arrival with respect to North. The phases observed on 
the X and Y components can be interpreted in two ways: 
Interpretation 1: assumes isotropy and the X direction is taken as the source 
polarisation. Any later arrivals are assumed not to be direct shear waves and 
are ignored (Figure 5.4). 
Interpretation 2: assumes that shear-wave splitting is present. The X direction 
represents the polarisation direction of the fast split shear wave, and the Y 
direction represents the polarisation direction of the second split shear wave. 
The reconstruction of the two split shear waves give the original source 
polarisation (Figure 5.4). 
Figure 5.5a shows how the amplitude bounds are assigned on each 
fast polarisation direction (Interpretation 2) 







slow polarisation direction (Interpretation 2) 
horizontal plane 
Figure 5.4: The horizontal components of a seismogram are rotated to the polarisation 
direction of the first shear-wave arrival (X) and the direction perpendicular to it (Y). 
The observations on the X and Y components can be interpreted in two ways: 
Interpretation 1 which assumes isotropy and, therefore, the X component represents 
the source polarisation and Interpretation 2 which assumes that shear-wave splitting 
is present and, therefore, the X component and Y component represent the polarisation 
direction of the first and second split shear wave respectively. In this case, the original 








range of source polarisations 





Figure 5.5: a) A minimum and maximum amplitude are assigned on each horizontal 
component. b) The amplitude range for each component combined with a polarity 
gives a polarisation range for the shear wave (after Rowlands, 1995). 
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component. A minimum and maximum amplitude combined with a polarity 
reading for each component corresponds to a polarisation range for the shear 
wave (Figure 5.5b). An example from the Arkansas data set follows. 
Three-component seismograms, recorded at station MHC at a local 
network in Arkansas-USA, are shown to illustrate how the measurements are 
made, and how they are used to distinguish between the two possibilities. This 
example shows clear recordings and therefore, it was considered suitable for 
illustrating how the measurements are made. Figure 5.6a shows the three 
components as recorded. The vertical component gives us the P-wave polarity 
(the other two P-wave components convey no additional information once the 
emergent angle and backbearing are known). The north and east components 
are rotated to the radial and transverse directions, Figure 5.6b. Particle motion 
diagrams are shown for the horizontal plane for three contiguous time windows 
of 0.1 seconds (labelled 1,2 and 3) around the S-wave arrival time. On each 
particle motion diagram tick marks are shown at intervals of 5 ms. The arrow 
on the second polarisation diagram indicates the polarisation direction of the 
arriving S wave. 
Figure 5.6c shows the horizontal components rotated into the X and Y 
directions, again accompanied by polarisation diagrams. In this coordinate 
system the first S wave is plane-polarised in the Fast direction (F) as 
determined from analysis of the particle motion plots in Figure 5.6b. In Figure 
5.6c, I assume that this arrival represents that of an unsplit shear wave, 
identified as A, and the slightly later arrival on the Y component, identified as 
B, is assumed to be a phase other than the direct S wave—for example a 
converted phase. Corresponding amplitude bounds and polarities are shown in 
the caption of Figure 5.6. This is Interpretation 1. 
An amplitude range of 10 to 20 with positive polarity is assigned to the 
X trace and a range of 0 to 2 with an unknown polarity is assigned to the Y 
trace. This shows that this amplitude is much smaller than that of the X trace 
and may indeed be zero. If the amplitude of the phase might be zero, this 
necessarily implies that we cannot read its polarity unambiguously. The Y 
trace amplitude is low for Interpretation 1 by definition, since the horizontal 
components have been rotated so that the polarisation of the first arrival is 
oriented along X. The correspondin range of amplitude ratios (Min(X/Y)=5, 
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Figure 5.6: Event 29 June 1982 07:00, Arkansas-USA dataset. a) Example of a three-
component seismogram at station MHC (epicentral distance=3.3 km, depth=4.5 km and 
azimuth=359°), showing the P and S waves. b) Horizontal traces are rotated from north and 
east to Radial (R) and Transverse (T). c) The horizontal traces are shown again, rotated into 
the polarisation direction of the first arrival, X, and the direction perpendicular to it, Y. The 
particle motion diagrams that correspond to the marked time windows are used to define the 
polarisation direction. In c) Interpretation 1 is shown, in which the measured polarisation is 
assumed to represent an unsplit shear wave, and is related directly to the polarisation at the 
source. The slightly later arrival on the Y component is assumed not to be a direct shear 
wave. d) Interpretation 2 is shown, in which the shear-wave splitting is assumed to be present 
and the measured polarisation is assumed to represent the first split shear wave. In this case, 
the first (slightly later) arrival on the Y component is assumed to be the second split shear 
wave. The time delay between the two arrivals is measured from the particle motion diagrams 
in order to realign the two arrivals and restore the unsplit shear-wave polarisation. Polarity 
and amplitude measurements are shown below. 
P wave 	S wave 	 S wave 
(Interpretation 1) (Interpretation 2) 
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Max(X/Y)=co) implies that the shear-wave amplitude on the X component is 
at least five times as high as that on the Y component. If the measured shear-
wave polarisation represents that of an unsplit S wave, as assumed in 
Interpretation 1, then these measurements contribute to the determination of a 
valid focal mechanism. 
In Figure 5.6d I assume that the arrival B on the Y component is the 
second split shear wave. The Y component is then advanced to align it with 
the X component arrival, effectively recombining the fast and slow shear 
waves. Corresponding amplitude bounds and polarities are again shown in the 
caption of Figure 5.6. This is Interpretation 2. In this case, the Y component 
definitely has a non-zero amplitude and unambiguous polarity. The range of 
amplitudes specified for the Y trace gives Min(X/Y)=2 and Max(X/Y)=10. 
This means that the X shear-wave amplitude must be at least double the Y 
shear-wave amplitude. These measurements, together with equivalent ones 
from other stations, are then used in a second focal mechanism computation. 
Figure 5.7 shows the flow diagram of the 'round trip' that was used to 
test the overall procedure already described. Firstly, one of the nodal planes 
of a determined focal mechanism was chosen to generate synthetic 
seismograms using the anisotropic reflectivity method (Booth and Crampin, 
1983). The velocity model that was used consisted of one anisotropic layer and 
one isotropic, containing the source (since it is difficult to compute the 
radiation pattern of a source in an anisotropic medium). Elastic constants were 
calculated by using the method of Hudson (1980, 1981) and Crampin (1984) 
for fluid-filled cracks of density 0.04, in an intrinsically isotropic medium with 
P-wave velocity of 6kmlsec. I followed the same procedure for the synthetic 
seismograms as outlined above for real data, and RAMP yielded the same 
focal mechanism that was initially used to generate the synthetic seismograms. 
This confirms the validity of the whole procedure. 
When measurements at different stations are utilised in a focal 
mechanism computation, their compatibility with a double-couple source can 
be used as evidence that Interpretation 1 may be correct. If double-couple 
solutions are obtained, then we can say that Interpretation I is consistent with 
the data. If no double-couple solutions are obtained, then either Interpretation 
1 is incorrect, or the double-couple source model is invalid for this earthquake. 
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Figure 5.7: Flow diagram of the 'round trip' procedure that was followed in order to 
check the computational procedure. 
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Equally, failure to obtain any compatible double-couple source orientations 
would suggest that Interpretation 2 is invalid. 
It follows that if only one of the two interpretations yields compatible 
solutions, this is evidence in support of either the presence or absence of shear-
wave splitting. If both interpretations yield compatible orientations, then it is 
concluded that there are insufficient data to discriminate between the two 
interpretations. However, if there is other evidence (e.g. from particle motion 
diagrams, or from other better recorded events along the same raypaths) which 
supports the validity of one interpretation, then this interpretation can be used 
to determine focal mechanisms for other events which may be less well 
recorded. 
To summarise, a procedure that allows for the possible existence of 
shear-wave splitting on locally recorded shear waves has been developed in 
order to determine focal mechanisms for microearthquakes, by modifying the 
relative amplitude method of Pearce (1977, 1980) and Pearce and Rogers 
(1989). The two interpretations are considered with this method, in an attempt 
to identify which is the most likely interpretation (i e. the most compatible 
with the data). In Chapters 6 and 7, the method is applied to two datasets from 
intraplate regions, Arkansas-USA and João Câmara-NE Brazil, in order to 
identify shear-wave splitting independently and determine focal mechanisms. 
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CHAPTER 6 
THE ARKANSAS-USA EARTHQUAKE SEQUENCE 
6.1 INTRODUCTION 
A data set from a stable region, Arkansas-USA, is used for the first 
application of the methodology because of the simple waveforms typical of 
these regions. Shear-wave splitting had already been identified by the visual 
inspection of the particle motion diagrams (Booth et al., 1990), and the new 
method described above is applied in order first to identify it independently, 
and then to remove it in order to determine valid focal mechanisms. 
6.2 FOCAL MECHANISMS FROM SIMPLE SEISMOGRAMS - 
ARKANSAS 
The complexity of the waveforms recorded in the Almiros region 
imposed difficulties in determining accurate locations with a simple 2D 
velocity model, and a tomographic analysis (Ligdas, 1993) was necessary in 
order to obtain a 3D velocity model and more accurate locations (Chapter 3). 
Moreover, the shear-wave onsets of the recordings, often being obscured by 
large P-wave coda, gave scattered shear-wave polarisations, especially in the 
vicinity of the NAF fault, confirming the complex velocity structure in the area 
(Chapter 4). The few available P-wave recordings were insufficient to 
determine a well-constrained focal mechanism, and any attempt to incorporate 
shear waves led to invalid results due to the large uncertaintity involved in 
measuring the shear-wave amplitudes. Furthermore, the presence of anisotropy 
should be taken into account because the measured polarisation on the 
seismograms is distorted. Therefore, the Almiros dataset was considered 
insufficient for a methodology that would provide valid focal mechanisms in 
the presence of anisotropy. 
A dataset from a region distant from any active plate margin is 
therefore used to test the methodology for determining focal mechanisms when 
shear-wave splitting is present. The Arkansas area chosen is a platform area, 
consisting of sediments 4.7 km deep overlying a Precambrian basement of 
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igneous and metamorphic rocks. The choice of a platform region is not 
fortuitous. Its simple crustal structure, relatively free from inhomogeneities, 
should give simple waveforms. This should lead to more robust observations. 
The results will show that it is important to take into account the effects of 
anisotropy and to correct the shear-wave amplitude measurements in the case 
of local earthquakes when determining source mechanisms using shear waves. 
The seismograms of one foreshock and two aftershock sequences 
recorded over 12 days by a local network of ten three-component seismometers 
during the 1982 Enola-Arkansas earthquake swarm (Chiu et al., 1984), were 
used as the 'test' dataset. Seven stations had velocity transducers with a natural 
frequency of 2 Hz and three stations (SDF, ENA and MUD) had force balance 
accelerometers with a natural frequency of 80 Hz (Figure 6.1). Eighty eight 
events including three 'typical events' (Crampin, 1991) were recorded by the 
digital network during this period. The mainshocks were of magnitude 3.0, 3.2 
and 3.8, and the rest of the events recorded by the network had magnitudes 
between -1.3 and 2.4. The depth of the earthquakes ranged between 4 and 7 
km. The epicentres of sixty-two events which gave over 300 seismograms 
suitable for the shear-wave analysis (good signal-to-noise ratio on all 
components and located within the shear-wave window) are shown in Figure 
6.1. It has already been mentioned (section 5.5) that events with at least three 
station recordings are selected for the application of the method, with clear and 
impulsive S recordings with angles of incidence less than 35°. This restriction 
limited the number of the events suitable for the application of the method. 
The velocity model (Table 6.1) was developed (Chiu et al., 1984) 
directly from four seismic profiles in the area, and sonic logs from two wells 
about 8 km south of Enola were available to constrain velocities in the upper 
two kilometres of the crust. This velocity model with the take-off angles 
derived from the location procedure (Chiu et al., 1984) were used in a 
raytracing procedure, in order to resolve the angles of emergence. 
The procedure presented in Chapter 5 is applied to the Arkansas 
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Figure 6.1: Topographic map of north central Arkansas, showing the locations of the 
digital stations deployed by USGS in June and July 1982 (the velocity transducers are 
marked as triangles and the accelerometers are marked as large dots) and the events 
recorded by the USGS network which have been used for the shear-wave analysis 




TABLE 6.1 An upper crustal cross-section for the Arkansas swarm area 
derived from seismic reflection profiles provided by ARCO Oil and Gas 
Company. The exact depth to basement is unknown but should be between 4 
and 5 km. 
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6.3 RESULTS 
I first present results from two events that have sufficient observations 
to allow descrimination between Interpretations 1 and 2 (in section 5.5 the 
Interpretations 1 and 2 are explained; it is reminded briefly that Interpretation 
1 assumes isotropic medium, and Interpretation 2 takes into account 
anisotropy). The first is the event of 30 June 1982 16:50 of magnitude 0.0 
(Figure 6.2). Seismograms from eight stations were available. Eight P-wave 
polarities and four reliable shear-wave measurements were used (Figure 6.2). 
The measurements made assuming Interpretation 1 gave no focal mechanisms 
compatible with all the data, but focal mechanisms were obtained using 
Interpretation 2. It is therefore concluded that these seismograms are 
inconsistent with the assumption that the shear wave is unsplit, but that they 
are consistent with the supposed observation of first and second split shear 
waves. The range of focal mechanisms obtained using Interpretation 2 are 
shown on a stereographic projection of the upper focal hemisphere in Figure 
6.2, together with the stations. These solutions represent 0.0003% of the 
possible orientations, and this range represents the confidence in the orientation 
which results directly from the amplitude bounds on the measurements (Pearce 
1980). The resulting focal mechanism places station HHL close to a nodal 
plane which is confirmed by the small P waves observed on the seismograms. 
The second event is that of! July 1982 04:04 of magnitude 0.2 (Figure 
6.3). Seismograms from four stations were available, and three P-wave onsets 
and two reliable shear-wave measurements were used (Figure 6.3). Again, no 
compatible focal mechanisms were obtained using the measurements of 
Interpretation 1, but compatible solutions were obtained for Interpretation 2. 
Figure 6.3 shows the range of compatible solutions obtained for Interpretation 
2. 
The above two examples are shown to be compatible with the 
interpretation of the shear-wave arrivals in terms of splitting caused by seismic 
anisotropy along the raypaths, and are incompatible with the interpretation of 
the shear waves as unsplit. In four other events, there were sufficient data to 
obtain well-constrained focal mechanisms under the same assumption 
(Interpretation 2), but for these other events results were also obtained for 
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Figure 6.2: Event of 30 June 1982 16:50. Equal area projection of the upper focal 
hemisphere showing the range of compatible focal mechanisms obtained when anisotropy is 
taken into account (Interpretation 2), with the seismograms rotated to the X and Y directions. 
Arrows on the seismograms denote the P and S arrivals. The Y seismograms are shown 
before time-shifting. The solid circles on the equal area projection mark compression and the 
open circles dilatation. The solid arrow marks the polarisation direction of the first split shear 
wave, the dashed arrow marks the polarisation direction corresponding to the compatible 
solutions, and the pie-slice shows the range of the observed polarisation directions. The 
solutions are plotted at 2° intervals. The amplitude and polarity measurements are shown in 
below. No mechanism is compatible with the data if shear-wave splitting is assumed to be 
absent (Interpretation 1). 
Station name P wave 	S wave 
(Interpretation 1) 
ENA 	 V: * -ye 	X: 10 to 15 +ve 
Y: 0 t 2 U 
HHL 	 V: * +ve 	X: 10 to 15 +ve 
Y: 0 t 2 U 
EKR 	 V: * -ye 	X: 10 to 20 +ve 
Y: 0 t 2 U 
MHC 	V: * +ve 	X: 10 to 15 +ve 
Y: 0 t 2 U 
CMG 	V: * +ve 
IWIL 	 V : * +ve 
CVC 	 V : * +ve 
WMN 	V: * -ye 
S wave 
(Interpretation 2) 
10 to 15 +ve 
2 to 4 +ve 
10 to 15 +ve 
6 to 8 +ve 
10 to 15 +ve 
* 	-ye 
10 to 15 +ve 
6 to 8 +ve 





















Figure 6.3: Event of 1 July 1982 04:04. Seismograms from another example which provided 
a well-constrained focal mechanism, after allowing for anisotropy (Interpretation 2), and no 
compatible mechanisms when the shear-wave splitting phenomenon was presumed not to be 
present (Interpretation 1). Details as for Figure 6.2. The solutions are plotted at 50  intervals. 
The amplitude and polarity measurements are shown below. 
Station name P wave 	S wave 	 S wave 
(Interpretation 1) 	(Interpretation 2) 
MHC 	V: * +ve 	X: 10 to 12 +ve 	X: 10 to 12 +ve 
Y: 0 to 2 U Y: 6 to 12 +ve 
HHL 	 X: 10 to 12 +ve 
	
X: 10 to 12 +ve 
Y: 0 t 2 U Y: 6 to 10 +ve 
EKR 	 V: * -ye 
WMN 	V: * +ve 
















Interpretation 1, so that these other events cannot be used either to support or 
refute the existence of anisotropy. In view of the fact that the raypaths sampled 
by these other events are similar to the two previous events, the existence of 
anisotropy is assumed, and focal mechanisms for the other events are 
determined under this assumption. 
One example is shown in detail, before giving a summary ofthe results 
for all these other four events. Seismograms for the event of 26 June 1982 
12:04 of magnitude 2.3 are shown in Figure 6.4. In this case only three 
stations were available, and three P-wave onsets and three S-wave 
measurements were incorporated in the computation (Figure 6.4). It is not 
surprising that in this case both interpretations provided solutions, since only 
three stations are used. However, a well-constrained solution is still obtained 
assuming Interpretation 2 (Figure 6.4). Figure 6.5 shows the vectorplot 
diagrams for both interpretations. 
6.4 DISCUSSION AND CONCLUSIONS 
The method has been applied to events from a microearthquake 
sequence in a stable continental location where the benefit of a simple velocity 
structure tends to yield simple earthquake seismograms. For two of these 
events there were sufficient data to demonstrate that the observations were 
consistent with a double-couple source when allowance was made for the 
observed anisotropy (Interpretation 2) but were inconsistent with a double-
couple source when the first arriving shear wave was assumed to be an unsplit 
shear wave (Interpretation 1). These results provide evidence that the 
interpretation of the shear waveforms in terms of shear-wave splitting is 
correct for these two earthquakes. Two good quality well-distributed 
observations were available within the shear-wave window for one of these 
two events, and four for the other event. Where there are several good quality 
pre-critical shear-wave observations, this provides useful evidence of 
anisotropy which does not rely solely on the correct interpretation of particle 
motion diagrams. 
• Focal mechanisms were then presented for four other earthquakes 
(Figure 6.6), with allowance made for observed anisotropy (Interpretation 2) 
on the basis that the raypaths were all similar to those of the first two events. 
5 7a 
Figure 6.4: Event of 26 June 1982 12:04. Seismograms from an event which provided 
solutions for both interpretations, indicating that the data are not sufficient to draw any 
conclusion about whether anisotropy is present or not. The focal mechanisms obtained with 
Interpretation 2 are shown on an equal area projection of the upper focal hemisphere. The 
solutions are plotted at 100  intervals to illustrate more clearly the range of solutions obtained. 
The amplitude and polarity measurements, for both interpretations, are shown below. 
Station name P wave 	S wave 	 S wave 
(Interpretation 1) 	(Interpretation 2) 
SDF 	 V: * -ye 	X: 20 to 30 +ve 	X: 10 to 20 +ve 
Y: 0 to 2 U Y: 3 to 4 -ye 
HHL 	 V: * -ye 	X: 10 to 20 +ve 	X: 10 to 20 +ve 
Y: 0 to 2 U Y: 5 to 8 -ye 
MHC 	 V: * -ye 	X: 10 to 20 +ve X: 10 to 20 +ve 
Y: 0 t 2 U Y: 3 t 5 U 
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Figure 6.6: Equal area projections of the upper focal hemisphere for the six events which provided well-constrained mechanisms when shear-
wave splitting was assumed to be present (Interpretation 2). For each event the range of orientations compatible with the data is shown. 
CL 
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These events had a maximum of three good-quality observations within the 
shear-wave window, but there were insufficient data to discriminate between 
the two interpretations. Well-constrained focal mechanisms were obtained 
assuming Interpretation 2. I conclude that as few as two well-distributed good 
quality shear-wave observations, together with P waves, may be sufficient to 
obtain well-constrained solutions, but that more are normally required to 
discriminate between the split shear-wave and the unsplit shear-wave 
interpretations. 
The above results are compared with those of other workers who 
determined composite focal mechanisms for earthquakes in the Arkansas 
sequence using P-wave polarities alone (Figure 6.7). Chiu et al. (1984) 
computed composite focal mechanisms for clusters of events using P-wave 
onsets and their results indicated predominately strike-slip motion with the P 
axis oriented NE-SW. This is in agreement with the composite focal 
mechanism that was determined from P-wave first motions recorded on three 
smoked-drum recorders (Johnston and Metzger, 1982). The focal mechanisms 
of the six events presented here require a P axis oriented NE-SW, which 
agrees with the above results and is also consistent with the regional stresses 
computed by Zoback and Zoback (1980). 
It is demonstrated that it is possible to determine focal mechanisms for 
individual microearthquakes in the presence of anisotropy by applying the 
relative amplitude method to P waves and three-component S waves. It is also 
shown that, if sufficient observations are available, the identification of shear-
wave splitting can be confirmed by examining the compatibility of the shear-
wave observations with a double-couple radiation pattern. This provides an 
independent confirmation of shear-wave splitting. The ability to determine 
individual focal mechanisms enables the variation of focal mechanisms within 
microearthquake clusters to be examined. The results demonstrate the 
importance of placing as many stations as possible within the shear-wave 
window to obtain sufficient usable shear-wave data. 
It would be preferable to have more shear wave observations than the 
minimum requirement, for additional corroboration of the interpretation of the 
shear-wave splitting observations. In Chapter 7 an attempt is made to achieve 
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Figure 6.7: a) Composite focal mechanism of the Arkansas sequence of earthquakes 
determined from P-wave first motions recorded on three smoked-drum recorders (after 
Johnston and Metzger, 1982). b) Composite focal mechanisms for cluster of Arkansas 




closely-spaced three-component network specifically designed for optimum 
shear-wave recording. It will confirm that such regions represent a natural 
laboratory for understanding the earthquake process. 
CHAPTER 7 
THE JOAO CAMARA EARTHQUAKE SEQUENCE, NE BRAZIL 
7.1 INTRODUCTION 
In the present chapter a dataset from NE Brazil, another stable region 
with simple velocity structure, is analysed for shear-wave splitting and with a 
view to incorporating S waves into focal mechanism determinations. Twenty-
nine events with S-P times less than 1 sec, covering a period of five months, 
were selected for analysis. The procedure, described in Chapter 5, for 
identifying shear-wave splitting in the course of determining focal mechanisms 
of single events using P- and S-wave information, is applied to the present 
dataset and the results are discussed and compared to previous seismological 
studies. 
7.2 THE JOAO CAiw.4 SEISMIC A C TI VITY- LOCAL NETWORK 1992-
1994 
The Northeastern area of Brazil is one of the most seismically active 
areas in Brazil (Figure 7.1). The major seismicity is concentrated in three 
different locations marked by A, B and C in Figure 7.1. The area of interest, 
Joäo Câmara, lies in the most seismically active part of NE Brazil (the box in 
zone A contains the area of the present study in Figure 7.1). The JoAo Câmara 
region has experienced notable seismic activity since 1986, comprising about 
40,000 events down to mb=O.O  and including two events above Mb  5.0 and 15 
events above Mb  4.0 (Ferreira et al., 1987; Takeya et al., 1989). 
In 1987-1988, a nine-station analogue telemetric network with one 
three-component station was deployed and the seismic activity (Figure 7.2) 
defined a strike-slip fault of strike N40°E and dip N80°W, which is not visible 
on the surface. The stations marked on Figure 7.2 are smoked paper recorders 
except for the station JCPB which is part of the analogue Geostore network. 
The evolution of the seismic activity recorded by smoked paper recorders 
operated by UFRN (Universidade Federal do Rio Grande do Norte) has been 
examined during 1987-1990 (J.M.Ferreira et al., personal communication) and 
shows a migration towards the northeast in the second half of 1988, which 
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Figure 7.1: Seismicity map showing the major seismic zones of Northeast Brazil, for 
the period 1818-1988: the Potiguar basin (zone A); the eastern Pernabuco (zone B); 
the Recôncavo Baiano area (zone Q. Pecked lines represent the boundaries between 
the states. The box in zone A contains the area of the present study. Filled circles 
indicate epicentres. Roman numbers indicate intensity values on the Modified Mercalli 
Intensity Scale (MM). The two-letter codes abbreviate the main states in Brazil (after 
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Figure 7.2: Seismicity from May 1987 to June 1988. Inset is an image of the same 
seismicity rotated to look vertically down dip, to show the extent to which seismicity 
in the northern segment of the Samambaia fault is planar (after Takeya, 1992). 
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persisted until 1990, and a migration towards the southwest which continued 
during 1991 (Figure 7.3). 
Another local network was deployed from 1992 to 1994 which 
comprised eight digital three-component stations, with a sampling rate of 200 
samples per second. Table 7.1 shows the names and locations of the stations, 
and the location map in Figure 7.5 gives the station distribution. The stations 
were installed around the southern segment of the fault, in a part which 
remained active in 1992, and which has isolated Precambrian outcrops, ideal 
for seismic stations. Table 7.2 presents the optimum triggering parameters 
used. The network was installed with the objective of demonstrating the 
simplicity of the seismograms recorded in a stable region, and to use such 
more easily interpretable recordings in order to understand better the 
earthquake process. 
The recorded signals are simple and of exceptionally high frequency. 
This demonstrates the negligible anelastic attenuation, and suggests high stress 
drop sources. The frequency of the P waves can exceed 100 Hz, which is the 
Nyquist frequency, and the signals might therefore be undersampled. This 
aliasing accounts for the precursors of the P waves that appear on the 
seismograms (Figure 7.4), which in some cases extend back in time for up to 
50 ms. These spurious precursors arise from the non-causal digital antialias 
filter employed in the recording system (Scherbaum, 1994). 
Many events were recorded before August 1993, but at a small number 
of stations and under different network configurations. From August 1993 to 
October 1994, about 500 local events were well-recorded by at least five 
stations, and many more were recorded by fewer stations. A preliminary 
analysis of the data that cover 22 days of this part of the recording period 
(JoAo da Mata Costa, personal communication) revealed that the seismic 
activity lies on a near-vertical plane striking at about 330'. This is in contrast 
with the trend of the overall seismic activity (about N40°E). Figure 7.5 shows 
the preliminary locations of these events. The mean horizontal error of the 
computed locations is about 0.4 km which is much smaller than the length of 
the line that the epicentres define (approximately 2.5 km). The seismicity is 
within the network, with well-distributed stations operating for most events, 
and the RMS errors are relatively small (the average RMS is 0.02 sec). The 
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Figure 7.3: Seismicity from 1988-1991. When the seismicity during 1988 is compared 
with the seismicity in Figure 7.2, a migration of the seismicity northeastwards is 
marked especially during the second half of 1988. Then seismicity during 1990 




TABLE 7.1 The locations of the stations using GPS. The stations marked With an 
asterisk were preliminary stations not used for the operational network. 
Code Station name PDAS no. Lat. S Long. W 
JCAZ* Arizona 091, 114 5.5772 0 35 . 7878 0 
JCBF Bento Fernandes 114 5.69940 35.8208 0 
JCBH* Belo Horizonte 057 5.68190 35.8972 0 
JCCS Cachoeiro do Sapo 089 5.73970 35.9228 0 
JCJC Jacaré 094 5.6136 0 35.85470 
JCLG Ladeira Grande 086, 090 5.6231 0 35.7911 0 
JCLU* Luçiano 094 5.5158 0 35.66170 
JCPP Pogo de Pedra 086 5.6258 0 35.89360 
JCRF Riacho Fechada 057 5.64940 35.8022 0 
JCRJ Riacho do Juá 091 5.6597 0 35.8531 0 
JCSZ Serra de Cruz 2 082 5.6556 0 35.87390 
JCVD Varzea de Domingos 089 5.5894 0 35.8281 0  
TABLE 7.2 Optimum triggering parameters for the digital network, recording at 200 
samples per second. 
Type of trigger: 
STA time constant: 
LTA time constant: 
Trigger threshold STAJLTA ratio: 
Detrigger threshold STAILTA ratio: 
Pre-trigger bandpass: 
Pre-event length: 
Post event length: 
Number of components for trigger  
Short-term average/Long-term average 






5.0 to 100.0 Hz 
5s 
Dependent upon detrigger; mm. 5.0 and 
max. 60.0 s. 
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Figure 7.4: Two examples of seismograms, showing precursors due to the non-causal 
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Figure 7.5: Preliminary locations of the events that were recorded from the 
digital three-component network during September and October 1993 (after 




distribution of the seismicity in Figure 7.5 therefore defines a well-resolved 
conjugate fault plane. 
7.3 GEOLOGICAL AND TECTONIC SETTING 
The João Câmara region lies in the Precambrian Borborema province 
(Figure 7.6a) where two types of terrain can be found: gneissic (migmatitic-
granitic massifs) and metavolcanic-metasedimentary mobile belts. The 
Borborema Province is divided into sections by a complex fault system, 
separating the fault systems or cutting through them (Almeida et al., 1981). 
According to these authors, the faults seem to be very old, deep and 
reactivated on different occasions, with a different character. The general trend 
of the Province's structures is arranged as a fan opening towards the northeast, 
to the coast. The area lies in the transition between an Archean granite-gneiss 
massif in the East and a Late Proterozoic biotite-schist mobile belt to the West 
(Figure 7.6b). The transition zone comprises three major north-south trending 
shear zones and quartz-feldspar paragneiss and basic migmatite lithologies. To 
the North of the road BR 406 the Precambrian is unconformably overlain by 
the Cretaceous Acu formation (quartz sandstone) and Jandaira Formation 
(limestones) (I.G.Stimpson, pers. commun., 1987). 
The largest known seismic event in Northeast Brazil occurred in the 
state Ceará, which is marked as CE in Figure 7.1, on 20th November 1980. 
The focal mechanism revealed an East-West compressional stress which is in 
agreement with the structural trend in the region (AssumpcAo et al., 1985). The 
analysis of the aftershock sequence of the earthquake of 30th November 1986 
of magnitude mb=S. 1, which occurred near JoAo Cãmara, revealed a focal 
mechanism on a vertical, NE-SW fault indicating right lateral strike-slip with 
a small normal component which is marked as the Samambaia fault in Figure 
7.6b. The inferred east-west compressive stress is compatible with previous 
studies (AssumpcAo et al., 1985). 
Gallardo (1988) and Gallardo and Perez (1988), based on neotectonic 
investigations, concluded that the seismicity in the Joâo Câmara region is due 
to a sequence of E-W and ENE-WSW oblique dextral-extensional fault zones. 
They found no evidence for the Samambaia fault inferred from seismological 
studies. The governmental mapping agency, CPRM (Companhia de Pesquisa 
62a 
Figure 7.6: a) Borborema Province. Legend: 1 = Older basement reworked during the Upper 
Precambrian; 2 = Braziliano fold belts (E = Seridó belt); 3 = sedimentary cover associated 
with the Braziliano belts; 4 = molasse deposits; 5 = Phanerozoic sedimentary cover. Heavy 
lines represent major faults (after Almeida et al., 1981). b) Map of the JoAo Câmara area 
showing the Precambrian shear zones of Bento Fernandes and JoAo Cãmara, and the 
Samambaia fault inferred from the recent seismicity recorded by smoked paper drum recorder. 
Intensity values (Modified Mercalli) for the 30th November 1986 event mb=S.l are also 
shown. Geology from aerial photography, interpretation of the Brazilian Department of 
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63 
de Recursos Minerais), undertook a project in the coastal region of Rio Grande 
do Norte (marked as RN in Figure 7.1), enlarging the area investigated by 
Gallardo (1988). They also added outcrop-scale structural data (fracture and 
striation pattern analyses), calculating a number of local stress fields across the 
region. The structures regarded as the youngest, and related by them to the 
present-day activity, were explained by NW-SE compression and dextral strike 
slip movement on E-W and ENE-WSW faults, which is in agreement with the 
conclusions of Gallardo (1988). The discrepancy in relation to the 
seismological observations was attributed to the fact that the inferred stress 
fields and geomorphological features do not reflect the present-day activity. 
7.4 DATA ANALYSIS AND INTERPRETATION 
7.4.1 HYPOCENTRE LOCATIONS 
Events with at least four station recordings, covering a period of five 
months (October 1993 - February 1994), were retrieved from Exabyte tapes 
onto which they were originally archived. Finally 29 events with S-P of about 
1 s or less, were selected for location. These records were selected for analysis 
in order to pre-select events occuring within the network. 
The data were converted to ASCII format and I used the PITSA 
software package (Scherbaum and Johnson, 1993) for processing the seismic 
signals. Figure 7.7 shows one example of three-component recording at each 
station for different events. 
Takeya (1992) made a comparison of the hypocentre locations with a 
halfspace model (P-wave speed of 5.98 km/sec) and a layered model 
(consisting of an upper layer of 4 km thickness with P-wave speed of 5.90 
km/sec and the bottom layer with P-wave speed of 6.10 km/sec), using the 
data from the 1987-1988 telemetric network. It was concluded that no 
improvement is observed in the epicentre locations with the layered model, but 
deth determinations are slightly improved and more stable when the two-layer 
model is used. Therefore, I have used the two-layer model for the earthquake 
locations, with V1,/'V  =1.70, and a starting depth of 3.0 km. The results are 
shown in Figure 7.8 and Table 7.3. Three events of this study (3/10/1993 
02:58, 4/10/1993 04:44, 5/10/1993 08:39) are common with the preliminary 
study of João da Mata Costa, and the close agreement of the location 
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Figure 7.7: Typical three-component recordings at each station. 
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Figure 7.8: The hypocentral locations of the earthquakes that were recorded during 
the period end of September 1993 to February 1994. Events with maximum S-P= is 
were selected for location. 
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TABLE 7.3 Hypocentre locations and origin times 
DATE HRMN SECS LAT. S LON. W NC DEPTH RMS NO 
(km) (secs) 
930928 1141 38.18 5 0 38.3' 35 0 49.3' 2 2.67 0.01 8 
930928 1547 51.93 5 0 39.2' 35 0  51.2' 3 2.38 0.00 6 
930928 1648 34.87 5 0 39.1' 35 0 51.3' 3 2.33 0.01 8 
931003 0258 58.58 5 0 39.1' 35 0 51.2' 3 .2.53 0.04 12 
931003 0417 15.50 5 0  39.1' 35 0 51.2' 3 2.32 0.01 8 
931004 0444 40.67 5 0 38.3' 35 0 49.5' 2 3.26 0.06 12 
931005 0839 51.94 5 0  38.3' 35 0 49.2' 2 2.63 0.05 12 
931021 0855 42.73 5 0 38.1' 35 0 49.5' 2 3.53 0.04 12 
931021 0944 13.17 5 0  38.1' 35 0 49.5' 2 3.13 0.04 10 
931023 0433 52.05 5 0  38.2' 35 0 49.2' 2 2.10 0.00 5 
931023 1952 29.56 5 0  38.2' 35 0 49.0' 2 2.74 0.02 6 
931103 1923 43.67 5 0 38.4' 35 0 49.2' 2 1.40 0.07 6 
931129 0120 54.25 5 0 38.5' 35 0 49.2' 2 3.00 0.07 9 
931202 0515 56.29 5°38.2' 35°49.1' 2 1.82 0.00 6 
931202 0542 40.91 5 0 38.8' 35 0  50.9' 1.80 0.02 8 
931203 1934 34.28 5 0 38.2' 35 0 49.4' 2 2.66 0.00 7 
931204 0421 57.17 5 0  38.3' 35 0 49.4' 2 2.13 0.07 10 
931204 0531 10.88 5 0 38.3' 35 0 49.3' 2 1.76 0.09 9 
931206 0428 24.36 5 0 38.0' 35 0 49.3' 2 2.85 0.02 11 
931208 2230 39.82 5 0 38.2' 35 0 49.3' 2 2.12 0.04 9 
931209 0718 08.28 5 0 39.2' 35 0 51.3' 3 2.48 0.05 8 
940205 0206 01.94 5 0 39.3' 35 0 51.3' 3 3.00 0.04 6 
940205 1000 46.97 5 0 38.5' 35 0 51.6' 4.20 0.08 9 
940215 1011 47.91 5 0 39.1' 35 0 52.5' 1 4.66 0.09 11 
940218 0019 24.33 5 0 36.9' 35 0 48.2' 1 2.60 0.04 12 
940218 0030 52.48 5 0 37.0' 35 0 48.2' 1 3.00 0.03 10 
940218 0200 55.22 5 0 37.0' 35 0 48.2' 1 3.00 0.03 7 
940218 0204 24.22 5 0 37.0' 35 0 48.3' 1 3.00 0.04 10 
940218 0207 15.91 5 0 36.9' 35 0 48.3' 1 2.95 0.03 9 
NC: Number of Cluster 
NO: Number of observations 
MO A  
parameters confirms the location procedure. The time period for Figure 7.5 is 
from 4/9/1993 to 18/10/1993 and for Figure 7.8 is from 28/9/1993 to 
18/2/1994. The lineation of the epicentres from the preliminary analysis of 
João da Mata Costa is not apparent in the present study; the seismicity in 
Figure 7.8 is more concentrated in a cluster form. 
The earthquakes define three tight clusters within the network and the 
seismicity is very shallow (the mean depth value is 2.9 km), which resulted in 
few recordings within the shear-wave window (see Chapter 4). The 
repeatability of the earthquakes offers the opportunity to check the 
polarisations of the first split shear waves at each station. The polarisation 
measurements are then expected to be less scattered since the waves travel 
along almost the same ray paths; they therefore allow more confident 
measurements and examination of the variation of the source mechanisms 
within clusters of earthquakes. 
7.4.2 SHEAR- WA VE SPLITTING ANALYSIS 
Only 12 recordings fulfilled the restriction of the shear-wave window 
and were finally selected for the shear-wave splitting analysis. I have used the 
method of visual inspection of particle motion diagrams in order to identify 
shear-wave splitting and measure the polarisation direction of the first split 
shear wave. Figure 7.9 presents examples of particle motion diagrams from 
stations JCRJ, JCSZ, JCLG and JCRF; these examples are typical. Table 7.4 
shows all the measurements, and Figure 7.1Oa shows the horizontal projections 
of the polarisations of the leading shear-wave arrivals on equal-area projections 
of the lower hemisphere beneath each station; Figure 7.1Ob shows the 
azimuthal distribution of the polarisation of the first split shear wave as rose 
diagrams centred on each station. The circles mark the edge of the shear-wave 
window, which was chosen to be 45°. The mean polarisation direction of the 
first split shear wave is 207° with respect to North, and the mean error in 
measuring the polarisation is estimated to be about ±10°. The S-wave onsets 
are typically impulsive, easy to identify and the particle motions are linear. 
The present dataset is of unusually high quality for examining shear-wave 
splitting. As already pointed out in Section 4.5, one would expect an initial 
small radial motion followed by a predominanly transverse motion, in the case 
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Figure 7.9: Four typical examples of particle motion diagrams from each station that 
gave recordings within the shear-wave window. The arrow marked on the Radial-
Transverse plane is the determined polarisation of the first split shear wave. The arrow 
marked on the Fast-Slow plane marks the most significant deviation of the energy 
from the direction of the first split shear wave. 
TABLE 7.4 Measurements of the shear-wave splitting characteristics 
Date 	Hour-minute 	Station name 	Polarisation 
930928 11:41 JCRF 2200 
930928 16:48 JCSZ 1900 
931004 04:44 JCRF 2230 
931005 08:39 JCRF 2140 
931023 19:52 JCRF 1990 
931202 05:42 JCRJ 2360 
940205 02:06 JCRJ 2440 
940205 02:06 JCSZ 2500 
940215 10:00 JCSZ 2170 
940218 00:30 JCLG 1870 
940218 02:00 JCLG 188 0 
940218 02:04 JCLG 1960 
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Figure 7.10: a) Horizontal projections of the polarisations of the leading shear-wave 
arrivals shown on equal-area projections of the lower hemisphere beneath each station 
out to incidence angles of 35°. b) Rose diagrams showing the polarisation direction 
of the first split shear wave. The shortest petal corresponds to one measurement. The 






of curved wavefronts beyond the shear-wave window. This cruciform particle 
motion could be misinterpreted as shear-wave splitting, and small time delays 
would be observed. This possibility was examined, and can be based on the 
existence of particle motion diagrams such as those in Figure 7.9, which show 
no such behaviour. 
The identification of the second split shear wave and the measurement 
of the time delay between the two split shear waves are important when 
applying the method for identifying shear wave splitting and determining focal 
mechanisms of single events. The second split shear wave is identified on the 
particle motion diagrams of the components rotated to the Fast and Slow 
directions, as a significant deviation from the Fast direction. Since the 
magnitude of the time delay depends upon the length of the propagation path 
in the anisotropic medium, the measured time delay between the two split 
shear waves has been normalised to a path length of 1 km in Table 7.4. The 
reading error is estimated to be about ±2 msecs/km. However, the error might 
be larger because the data are undersampled. The maximum time delay is 9.0 
msec/km which gives 3% maximum percentage of velocity anisotropy. 
Takeya's shear-wave splitting study revealed 6% maximum percentage of 
velocity anisotropy. The interpretation of these observations is now considered. 
It has already been mentioned that the polarisation direction of the first 
split shear wave can be due to distributions of cracks which are aligned 
parallel to the maximum horizontal compressive stress. These distributions of 
cracks can be aligned horizontally (Transverse Isotropy with Vertical axis of 
symmetry, TIV), usually at depths less than about 1 km, where the minimum 
compressive stress is vertical (Crampin, 1990). Below 1 km, as the overburden 
increases, the vertical stress is expected to become equal to the minimum 
horizontal stress, and cracks and fractures tend to be parallel to the direction 
of the maximum horizontal stress but randomly aligned in the plane normal to 
the maximum stress (Crampin, 1994). Eventually, at greater depth, the vertical 
stress becomes the maximum compressive stress. The cracks then remain 
vertically aligned and still parallel to the maximum horizontal stress 
(Transverse Isotropy with Horizontal axis of symmetry, TIH). 
In the case of horizontally aligned cracks, it is expected that the faster 
shear wave will be polarised radially, for wave propagation in near-vertical 
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directions, and transverse to the raypath, for directions beyond the theoretical 
edge of the shear-wave window (Wild and Crampin, 1991). This is not 
observed in Figure 7.10a, apart from the station JCRF which displays 
transverse polarisations for raypaths at the edge of the shear-wave window. 
The seismicity is concentrated at 3 km depth, where the stress conditions do 
not favour the existence of TIV. The azimuthal distribution of the polarisations 
of the first split shear wave as deduced from the present study agrees with the 
one deduced from Takeya (1992). Takeya's results demonstrate TIH anisotropy 
because his results showed near parallel polarisations and appropriate time 
delays within the shear-wave window, resulting in percentages of anisotropy 
as is found elsewhere (Crampin, 1994). Therefore, the correlation of the results 
of Takeya's analysis and the present study, lead to the conclusion that TIH 
anisotropy is present in the area. In the case of vertical cracks aligned by the 
present stress field, the polarisation of the faster split shear wave is expected 
to be parallel to the maximum horizontal compressional stress. In this area, 
maximum compressive stress is directed E-W, as deduced from other 
seismological studies in the area (refer to section 7.3) and the direction marked 
on the world stress map (Zoback, 1992), and therefore the polarisations of the 
faster shear wave would be expected to be aligned E-W. This is not observed 
here. 
Figure 7.11 presents the azimuthal distribution of the polarisation of the 
first split shear wave in relation to the direction of the shear zones and faults 
in the area. The mean polarisation direction from Takeya's shear-wave splitting 
study, at station JCAZ (Arizona), is also marked. The immediate area is 
bounded by two shear zones, the JoAo Câmara shear zone to the west and the 
Bento Fernandes shear zone to the east. It is expected that fabric lineations 
have developed parallel to these shear zones, as a consequence of ductile 
deformation along the shear zone; similar lineation is seen especially in the 
migmatites between the Bento Fernandes and JoAo Cãmara shear zones (Figure 
7.11). This represents an alternative mechanism for the development of 
transverse isotropy with a horizontal axis of symmetry, with the fast shear 
wave direction parallel to the fabric. We see from Figure 7.11 that the fast 
direction is indeed parallel to the shear zones and the mapped lineations in the 
area of the present network. Examination of the present data together with that 
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Figure 7.11: Azimuthal distribution of the polarisation direction of the first split shear 
wave at all stations in relation to the tectonic features in the area. Station JCAZ 
provided the recordings for the analysis by Takeya (1992) and the results are also 
marked. It is evident that the azimuthal distribution of the polarisation of the first split 
shear wave follows the trend of the shear zones. 
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of Takeya (1992) further north (Figure 7.11) reveals that this agreement is 
maintained even as the shear zone approaches a more northerly strike in the 
region of JCAZ station, where the data of Takeya were obtained. The 
possibility that the observed shear-wave splitting arises from the passage of 
shear waves through the fabric of the top 2 km is therefore consistent with all 
the available data. This was first suggested by Takeya (1992) based upon his 
observations of Arizona alone, and the present data lend further support to this 
interpretation. Interpretation of the observed anisotropy in terms of fabric 
lineations is an important issue since this implies a shear-wave splitting 
signature dependent upon a palaeo-strain field rather than present-day stress. 
7.4.3 FOCAL MECHANISMS IN THE PRESENCE OF ANISOTROPY 
In this section, I apply the method presented in Chapter 5 for the 
determination of focal mechanisms in the presence of anisotropy to this 
dataset. It is possible with this technique to determine focal mechanisms for 
single events by incorporating shear-wave data from recordings with angles of 
incidence less than 35°, after removing the effect of shear-wave splitting from 
the seismograms. Station JCLG gave recordings with angles of incidence less 
than 35° from Cluster 1 and station JCRJ did not give any recordings from 
Cluster 3. One shear-wave measurement is generally inadequate to distinguish 
between the case that the shear-wave splitting phenomenon is ignored 
(Interpretation 1), and the case that the shear-wave splitting is taken into 
account and removed in order to obtain a focal mechanism (Interpretation 2). 
However, as the seismograms are simple, shear-wave splitting can be 
positively identified and therefore it is valid to use Interpretation 2 in order to 
determine valid focal mechanisms. 
The event 18 February 1994 00:30 from Cluster 1 is presented here, 
and Figure 7.12 presents the focal mechanism on a stereographic projection of 
the upper focal hemisphere together with the stations, a table with the 
measurements which were incorporated in the focal mechanism procedure and 
the focal mechanism of the relevant cluster from Takeya's analysis (1992). 
Seismograms from six stations were available, and six P-wave onsets and one 
reliable shear-wave measurement were used. 
The focal mechanism reveals almost horizontal faulting of lateral strike- 
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Figure 7.12: Stereographic projection of the upper focal hemisphere of the event 18 
February 1994 0030. Open circles are dilatations and filled circles are compressions. 
The focal mechanism from Takeya's analysis (1992), as derived from the incorporation 
of P-wave onsets from a cluster in the same location as the above event, is also 
marked. The shaded area marks the range of the observed polarisation directions after 
the effect of shear-wave splitting has been removed. The solid arrow within the shaded 
area marks the polarisation direction generated by Takeya's fault plane solution, and 
the dotted arrow refers to the fault plane solution of the present study. The solid arrow 
outside the solid area marks the polarisation direction of the first split shear wave. The 
table presents all the measurements that were incorporated in the focal mechanism 
procedure. 
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EVENT 18/2/1994 00:30 






V: * +ve 
	
X: 10 to 12 +ve X: 10 to 12 +ve 








V: * +ve 
V: * +ve 
V: * +ve 
Note: The symbol * denotes no amplitude constraint 
oO 
slip type. The NW-SE nodal plane was chosen as the fault plane, because the 
cluster from Takeya's analysis which this event belongs, shows a NW-SE 
lineation. The focal mechanism implies an almost N-S maximum compressive 
stress, which contradicts the deduced E-W maximum compressive stress from 
other studies. Figure 7.12 also shows that the range of the observed shear-wave 
polarisations include the expected shear-wave polarisation generated by the 
fault plane solution as derived by Takeya's analysis (solid arrow within the 
shaded area), and the present study (dotted arrow within the shaded area). 
Figure 7.13 shows that the incorporation of P-wave onsets only (Figure 7.13a), 
and S-wave measurements alone (Figure 7.13b) generate the fault plane 
solution of Takeya's analysis, but their combination would give solutions which 
are a very small fraction of the whole solution space, and therefore are 
considered less likely. 
The few P-wave recordings and the incorporation of one shear-wave 
measurement provided a focal mechanism which is not in agreement with 
previous studies. However, it is noticed that the take-off angles at stations 
JCBF, JCRJ and JCSZ are near-horizontal. These angles are less well-defined 
because they are highly sensitive to small perturbations in the velocity 
structure. A small velocity gradient, as distinct from the uniform velocity 
assumed here, would result in a curved ray, and therefore different angles of 
incidence. In this case, a slight change in the location of the stations on the 
focal sphere would render the present focal mechanism invalid. This is the 
most likely explanation for the incompatibility of the focal mechanism results 
derived from the present study and the results from other seismological studies, 
as the simple recordings from this area give robust observations and the shear-
wave measurement at station JCLG is consistent for all the events of Cluster 
1, confirming its validity. 
7.5 CONCLUSIONS 
The analysis of a dataset from NE Brazil, that covers a period of five 
months, revealed that the events form three tight clusters at depth generally 
less than 3 km. Shear-wave splitting has been clearly observed in the 
recordings, and the azimuthal distribution of the polarisation of the first split 
shear wave is mainly in the N-S direction. The current observations and their 
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Figure 7.13: a) Vectorplot showing all the compatible solutions with the P-wave 
onsets for the event 18 February 1994 00:30. The box marks a range of fault plane 
solutions around the solution derived by Takeya (1992). b) Vectorplot showing all the 
solutions compatible with the S measurement after the effect of the shear-wave 
splitting has been removed. The box encloses the solution by Takeya (1992), indicating 
that this mechanism is also compatible with the shear-wave measurement used in the 
present study. 
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interpretation are consistent with the study of Takeya (1992) made at one 
three-component station at the north of the network. Both studies conclude in 
the presence of Transverse Isotropy with Horizontal axis of symmetry. The 
combination of both sets of results, and their correlation with the shear zones 
and mapped lineations, suggest that the polarisations of the first split shear 
wave follow the alignment of the fabric as it was developed because of ductile 
deformation in the area of the shear zones of Bento Fernandes and Joäo 
Camâra. The measurement of the time delays gave 3% maximum percentage 
of anisotropy and Takeya's analysis gave 6% maximum. 
The method presented in Chapter 5 was applied to one event. The 
shallow seismicity prevented more events being suitable for this analysis, 
which requires recordings with angles of incidence less than 35°. The resulting 
focal mechanism indicated an almost horizontal strike-slip fault plane, trending 
NW-SE, with a N-S oriented P axis. This result appears to contradict other 
studies which provided an E-W oriented P axis. However, because the solution 
is dependent upon near-horizontal raypaths, whose takeoff angles are very 
sensitive to a possible velocity gradient, this result needs more corroboration. 
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CHAPTER 8 
CONCLUSIONS AND SUGGESTIONS 
8.1 CONCLUSIONS 
The initial aim of this thesis was to study shear-wave splitting and 
associated anisotropy in the Almiros area of central Greece, using data from 
a network established to investigate anisotropy and a possible seismic 
precursor to large earthquakes. In view of the complexity of waveform data, 
and the absence of a large earthquake during the recording period, the aims 
were extended, both to analyse additional datasets in two much simpler 
tectonic environments (Arkansas and NE Brazil), and to determine focal 
mechanisms with both P and S waves in the presence of shear-wave splitting. 
In particular, the shear-wave splitting effect was analysed and interpreted on 
records from local networks in different tectonic regimes, and was considered 
in the focal mechanism determination. 
A method, based on the modified version of the Relative Amplitude 
Moment tensor Program (RAMP) of Pearce (1977, 1980) and Pearce and 
Rogers (1989) for local recordings, was developed in order to achieve one aim 
of this latter aspect of the study. The method emerged from the need to 
incorporate shear waves in the focal mechanism determination, when using 
recordings from a local network in a back-arc region in Central Greece, and 
this required account to be taken of shear-wave splitting. The shear waves 
were frequently obscured by the extensive P-wave coda which resulted from 
scattering at internal discontinuities, and therefore this dataset was considered 
inadequate to test the method. Instead, microearthquakes from intraplate 
regions which give recordings almost free from path effects were used for this 
purpose. 
Chapters 3 and 4 presented the analysis of the Almiros dataset and an 
assessment of the difficulties encountered in the location procedure and the 
shear-wave splitting analysis. The results were correlated with other 
geophysical studies, mainly developed in Chapter 2. The conclusions from this 
study are as follows: 
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Large errors were obtained when the events, which covered a period of ten 
months, were located using a uniform plane layer velocity model adapted from 
Makris's (1977) seismic refraction interpretation of the structure of Evvoia 
region. These were particularly revealed from the scatter of locations of known 
quarry blasts. It was clear that a 3D velocity model should be considered, and 
this was developed by Ligdas (1993) using travel time tomography, and 
revealed more tightly constrained clusters within a diffuse background of 
seismic activity. The spatial epicentral distribution of the events revealed 
scattered locations towards the south, about an E-W direction, which were 
attributed to the existence of the main fault in the area (Nea Anghialos fault); 
this is a normal, listric fault trending E-W and dipping towards the south. The 
diffused seismicity was related to the internal deformation of the hanging wall 
blocks, a feature which characterises normal faulting. 
An abrupt cutoff in seismicity was found at 10 km depth. This was 
interpreted as the boundary between the brittle and ductile zones, and this 
change in rheology is believed to control the geometry of normal faults. 
Clusters were identified within the general background of the seismic activity, 
and they were either constant in time and were related to the existence of 
fractures, or they were outbursts of seismic activity. The absence of seismicity 
below 10 km depth was not observed in some previous work with a regional 
network (Burton et al., 1991). 
The identification and interpretation of shear-wave splitting was obstructed 
by the complexity of the records and more specifically, from the presence of 
the extensive P-wave coda which frequently masked the shear-wave onset. The 
azimuthal distribution of the shear-wave polarisations revealed polarisations at 
some stations scattered about an E-W direction which could be related to the 
existence of an anisotropic volume of microcracks aligned by the present 
maximum horizontal stress, which is E-W in this area. However, this 
conclusion is only a speculation based upon the available data, and further 
support for this argument could not be obtained because of the limited 
information that this dataset could provide. At some stations the distribution 
of the polarisations significantly deviated from the E-W direction (one station 
revealed N-S polarisations and one NE-SW) and this is attributed to the 
existence of large scale fratures. Two stations gave scatterd results with n o 
apparent trend. 
Time delays between the first and second split shear waves were difficult 
to measure and interpret. Consequently, the initial aim of this study which was 
to monitor the present local stress by measuring and interpreting the shear-
wave splitting characteristics could not be achieved because the shear-wave 
records were complex and the onset of the second split shear wave could 
usually not be determined reliably. 
The bandwidth of the Almiros data set offers picking accuracy of ±0.03s 
and therefore, small time delays ((0.03 s) are considered invalid because they 
are beyond the resolution of the data. 
It is tempting to conclude that waveform complexity is likely to render 
shear-wave data difficult or impossible to interpret in regions of distributed 
active continental deformation, where heterogeneity in sedimentary cover and 
the distribution of active faults combine in scattering seismic energy from local 
earthquakes. However, there are cases where simple seismograms have been 
obtained in such areas: one example is that of the Turkish Dilatancy Project 
which was setup in order to analyse records from three-component 
seismometers immediately above a swarm of small earthquakes near the North 
Anatolian Fault. However, a region dominated by normal faulting which 
involves internal deformation and block rotation (Chapter 2) is expected to 
provide more complex records than a region of strike-slip faulting. 
Chapter 5 described a procedure implemented to determine focal 
mechanisms by the relative amplitude method, modified for local P- and. S-
wave recordings which may include shear waves split by the presence of 
anisotropy. The application of this procedure to three datasets was intended to 
establish its usefulness, both to determine better-constrained focal mechanisms 
for single events, and to corroborate the identification of first and second split 
shear waves. The general conclusions from the application of the procedure to 
the three datasets are as follows: 
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Application of the method to two datasets from intraplate areas, Arkansas-
USA and Brazil, showed that it is possible to identify shear-wave splitting 
independently from the conventional particle motion analysis, and to determine 
the focal mechanisms of single events by combining P-wave onsets and shear-
wave polarisations. By contrast, the analysis of the Almiros dataset could not 
provide any result and contribute to the above conclusions because the number 
of stations was small (five three-component and one single-component station 
with even fewer stations working at periods with operation of difficulties), and 
the shear waves were difficult to measure unambiguously or precisely. The 
stations in the southern part of the network provided simple recordings and 
robust measurements. However, these stations were few, and far from the 
centre of the seismic activity, providing recordings which did not fulfil the 
shear-wave window constraint, and overall the Almiros dataset did not provide 
enough information to apply the procedure and determine focal mechanisms 
for single events. 
Both the Arkansas and NE Brazil datasets were of cluster-type seismic 
activity and the repeatability of the raypaths offered the opportunity to extend 
the conclusions drawn from a small number of events within the clusters, 
which provided more complete observations, to all the events studied. More 
specifically, shear-wave splitting can be identified with this method only when 
enough well-distributed observations are available—usually more than two 
well-distributed shear waves and adequate P-wave observations close to the 
nodal planes. Therefore, when shear-wave splitting is identified for a limited 
number of events from the cluster, it can be concluded that shear-wave 
splitting may be present for all the events of the cluster, and if so its effect 
must be removed in order to determine valid focal mechanisms of 
microearthquakes. 
Chapter 6 tested the procedure developed in Chapter 5, using a dataset 
from an intraplate region (Arkansas-USA). The conclusions from this analysis 
are as follows: 
1) At least two well-distributed shear-wave observations within the shear-wave 
window, (i.e. with angles of emergence less than about 35°), combined with 
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several P-wave onsets are needed in order to identify shear-wave splitting with 
this method. In this way, the results of a previous study which revealed that 
the polarisations of the faster split shear wave show alignments within the 
shear-wave window which correlate with the regional stress field, were 
confirmed (Booth et al., 1990). The assumption that shear-wave splitting is 
present, was extended to all the events studied, so that valid focal mechanisms 
could be determined. The results indicated predominately strike-slip motion 
with the P axis oriented NE-SW; this is in agreement with composite focal 
mechanisms deduced from P-wave onsets alone in the area (Johnston and 
Metzger, 1982; Chiu et al., 1984). The results were also consistent with the 
regional stresses computed by Zoback and Zoback (1980). 
Chapter 7 presented the analysis of the João Câmara dataset, from an 
intraplate region with a simple velocity structure, and this can be contrasted 
with the difficulties derived from the analysis of the Almiros dataset. The 
conclusions relating to the location results, the shear-wave splitting analysis, 
and the implementation of the procedure developed in Chapter 5 to this dataset 
are as follows: 
Hypocentral locations of the events during a five month period were 
determined, and revealed three tight clusters of events with depth generally less 
than 3 km. 
Shear-wave splitting was observed and identified using the method of visual 
inspection of the particle motion diagrams. The mean polarisation direction of 
the first split shear wave was 207°. The incorporation of the results of the 
present study with the results of Takeya (1992) led to the conclusion that TIH 
anisotropy is the cause of the shear-wave splitting because, in both cases, the 
results showed near parallel polarisations and appropriate time delays within 
the shear-wave window, resulting in percentages of anisotropy as is found 
elsewhere (Crampin, 1994). In the case of vertically aligned cracks from the 
present day stress field, one would expect polarisations parallel to the 
maximum compressive stress, which is in the E-W direction for this region. 
This was not observed in the present study. The observations of the present 
study and Takeya's analysis, and their relation to the main tectonic features, 
ID 
revealed that the polarisations follow the alignment of the fabric as it was 
developed because of the ductile deformation associated with the shear zones 
of Bento Fernandes and João Câmara. 
Measurement of the time delays between the split shear waves indicated a 
maximum of 3% shear-wave velocity anisotropy. 
The method presented in Chapter 5 was applied to one event which 
provided an adequate number of recordings with angle of incidence less than 
35°. The focal mechanism revealed an almost horizontal strike-slip fault plane, 
trending NW-SE, with a N-S oriented P axis. This result differs from those of 
other seismological studies which reveal an E-W oriented P axis. However, 
this result may be effected by erroneous takeoff angles for near-horizontal rays, 
which are very sensitive to velocity structure. A slight change of the location 
of these stations on the focal sphere would change the type of the focal 
mechanism. 
The analysis of the Brazil dataset revealed that the sampling rate in shield 
regions must be higher (500-1000 samples per second) to avoid undersampling 
in these regions where anelastic attenuation is very low, and consequently 
signal frequencies are high. 
8.2 SUGGESTIONS 
Monitoring the fluctuations of the local stress field by analysing and 
interpreting the shear-wave splitting characteristics in time, requires the 
installation of semi-permanent three-component local networks. Moreover, the 
shear-wave splitting analysis requires simple recordings in order to identify the 
shear-wave onset easily, an adequate number of stations located at distances 
which would provide accurate locations and recordings with steep angles of 
incidence to satisfy the shear-wave window restriction). The ALNET seismic 
stations were installed on the bedrock, around the Almiros basin, in order to 
avoid recording reverberations in the sediment layers. However, the seismic 
signals were still complex, revealing a highly heterogeneous crustal structure, 
and the shallow seismicity rendered a lot of recordings inappropriate for the 
76 
shear-wave splitting analysis. Therefore, the analysis of the Almiros dataset 
revealed the need to conduct a feasibility study prior to the main experiment, 
in order to detect the signal characteristics which depend upon the structure of 
the medium, and to determine the seismicity pattern in the area. An alternative 
approach to avoid the difficulties that the shear-wave splitting analysis 
imposes, would be to install the seismic stations on the basin, where the 
seismic activity was found to be concentrated; this would ensure accurate 
locations and recordings within the shear-wave window, as the low-velocity 
surface layer would give recordings of steep angles of incidence. Bernard, P. 
(personal communication, 1992) installed a network in the Almiros basin, 
running simultaneously with the ALNET, which provided simple recordings 
within the shear-wave window. 
The application of the method developed and implemented in the 
present study to individual events within clusters in different tectonic regimes 
should reveal more complicated local stress patterns which cannot be seen 
when determining composite focal mechanisms from P-wave onsets alone. To 
test further the usefulness of the method, examples of datasets are needed with 
more data redundancy e.g. five shear waves within the shear-wave window. 
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APPENDIX 1 
THE ALNET INSTRUMENTATION 
The ALNET outstations were equipped with Wilimore MK III 
seismometers which are velocity transducers, with a frequency response 
function set to 1 Hz (Figure A.1.1). 
At the outstations, the Earth Data 9690 System was used to transmit 
digitally, amplify and convert signals into a form suitable for recording at the 
tape recorders and the Seislog recording system. The seismometer output was 
passed to a digital transmitter connected to a Yagi dipole aerial pointing in the 
direction of the base station, at the Almiros townhall. At the base station, 
another aerial and a receiver, transferred the digital data to the Line Interface 
Unit (LIU). The LIU converted the digital signal to FM, amplified it and then 
it was fed through the GEOSTORE. Simoultaneously, the FM signal passes 
through an FM demodulator and it is converted to an analog signal which is 
then converted to digital at the SEISLOG. Figure A.1.2 illustrates the 
configuration of instrumentation used for the experiment in the Almiros region. 
The Racal Geostore is a precision recording system for the aquisition 
and retention of seismic and other low bandwidth data. The field recorder has 
been designed to record accurately FM data over a long period with very low 
power consumption. The Geostore has 14 channels, two of them recording the 
internal clock of the Geostore recorder and the external time signal, and 
another two channels operating as flutter channels that record the internal noise 
of the recorder due to its mechanical parts. The remaining channels record the 
seismic signals. Initially, it recorded the three components of ALl, AL4, AL5 
and the single-component station AL6. On 3 July 1994 the seismic station AL3 
replaced AL5. 
Seislog is a seismic data acquisition system which is based on a small, 
powerful, multi-user computer. Accurate timing is supplied by an external 
clock (MSF, DCF, Omega or other standard time systems) and communication 
for remote sites can be achieved over computer networks or telephone lines. 
All parameters for controlling the acquisition are software-based and can be 
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Figure A.!.!: a)The harmonic response of the Wilimore Mk III seismometer, 
normalised so that the high frequency velocity asymptote is unity. The acceleration 
(displacement) response is then derived from the velocity by differentiation 
(integration); b) The phase responses in degrees for displacement, velocity and 
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Figure A.1.2: Configuration of instrumentation used in the Almiros region. 
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status of the system, have ' a list of detected event parameters, plot selected 
events on the local or remote screen, transfer events to a host computer, or 
even plot on-line a particular seismometer output to detect equipment 
problems. 
The detected events, stored on the system's hard disk as unformatted 
files, can be retrieved via Hayes compatible modems at 19600 baud rate in 
compressed ASCII format. It takes a few minutes to transfer an event. 
However, it was not practicable to use this method of transferring the data 
because frequent telephone line hang-ups interrupted the procedure. In this case 
an optional reset device would recognise a password from the modem and re-
boot the system. To avoid this tedious procedure, version 2.4 of the OS-9 
Operating system was implemented to take advantage of a SCSI interface for 
mass data storage. 
Table A. 1.1 summarises all information about the configuration of the 
Seislog recording system. 
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Table A.!.! Seislog configuration for ALNET 
Number of seismic channels 
FM demodulators 






Up to 16 channels. 
Upper frequency limit 40 Hz 
(antialiasing filters) 
12 bits. 
Channel gains software 
programmable for the ranges: 
xl 	xlOO 
xl0 xl000 
Internal or external sampling 
(selectable). 
100 Hz (normal sampling rate). 
LTA/STA 
All triggering parameters can be 
modified by the user. 
Internal processor clock. 
External radio-synchronised clock 
(DCF, for ALNET). The radio-
synchronised clock provides time-
stamped buffers to an accuracy of 
1 millisecond. 
The detected events are stored on 
the system's hard disk and are 
retrievable by Hayescompatible 
modems at 9600 baud rate (with 
error correction and data 
compression). Software is available 
for automatic or manual data 
retrieval using a PC computer at 
the base station. 
The system automatically reboots 
after power failures or may be 
rebooted using a password over the 
modem link. All system errors and 
'down' times are logged in system 




LIST OF EARTHQUAKES OF THE ALMIROS NETWORK 
The following list of earthquakes is separated into two parts. The first 
part includes the location parameters of the events recorded during June 1992-
January 1993, with RMS less than 0.1. These events have been located using 
a 3D velocity model obtained from a tomographic study (Ligdas 1993). The 
second part of the list includes the events which were recorded during 
September and October 1993 and were located by using an ID multi-layered 
velocity model. Here follows an explanation of the header of the list: 
DATE 	Date of earthquake: year, month and day. 
HRMN 	Hour and minute of the origin time. 
SECS 	Seconds of the origin time. 
LAT N 	Latitude of epicentre in degrees. 
LON E 	Longitude of epicentre in degrees. 
MAG. 	Local magnitude. 
DEPTH 	Focal depth in km. 
GAP 	Largest azimuthal separation in degrees between stations. 
RMS 	Root mean square error of time residuals in sec. 
BLASTS 	Quarry blasts. 
TABLE A2.1 
3D LOCATIONS (JUNE 1992-JANUARY 1993) 
DATE HRMN SECS LAT. 	LON. 	MAG. DEPTH GAP RNS BLASTS 
81 
920612 1054 52.72 39.139 22.782 
920612 1603 25.10 39.232 22.691 
920705 1717 21.82 39.371 22.798 
920706 1014 31.42 39.239 22.734 
920706 1750 21.31 39.205 22.776 
920707 809 21.80 39.240 22.678 
920707 841 58.45 39.243 22.671 
920803 602 45.45 39.236 22.780 
920803 1114 46.48 39.238 22.796 
920804 1151 32.19 39.316 22.919 
920804 1221 8.88 39.153 22.795 
920804 1452 46.35 39.216 22.663 
920805 721 43.18 39.201 22.808 
920806 1605 5.77 39.225 22.831 
920806 2105 9.00 39.322 22.632 
920807 616 21.71 39.376 22.920 
920808 2045 24.27 39.228 22.811 
920810 1126 50.57 39.151 22.788 
920811 1225 25.53 39.146 22.801 
920812 	239 44.72 39.243 22.658 
920812 	240 16.15 39.241 22.659 
920812 305 13.68 39.237 22.670 
920812 1138 32.99 39.137 22.793 
920818 	102 9.53 39.215 22.676 
920818 	907 13.08 39.186 22.686 
920818 1641 32.27 39.240 22.757 
920819 607 41.06 39.254 22.772 
920819 1331 47.13 39.140 22.798 
920820 1209 12.56 39.341 22.644 
920820 2313 27.20 39.335 22.646 
920820 2321 18.42 39.334 22.629 
920820 2353 19.18 39.339 22.650 
920821 154 46.62 39.341 22.616 
920821 159 13.17 39.333 22.638 
920821 531 8.12 39.286 22.719 
920821 703 36.33 39.247 22.767 
920821 1117 46.61 39.251 22.765 
920821 1403 39.82 39.142 22.793 
920821 2057 17.22 39.247 22.765 
920822 226 14.97 39.332 22.646 
920822 233 36.97 39.340 22.641 
920822 1301 41.32 39.150 22.803 
920824 1025 45.19 39.325 22.646 
920824 1155 20.63 39.333 22.647 
920824 1235 16.17 39.136 22.799 
920824 1254 59.56 39.158 22.801 
920825 24 53.39 39.248 22.759 
920825 1507 4.28 39.244 22.678 
920830 1956 34.96 39.248 22.779 
920831 2305 1.84 39.209 22.659 
920901 922 29.23 39.249 22.761 
920901 1037 34.30 39.259 22.737 
920901 1111 39.60 39.161 22.798 
920901 1342 52.28 39.200 22.722 
920901 2311 14.35 39.260 22.737 
920902 517 46.27 39.252 22.764 
920902 730 3.09 39.263 22.737 
920902 1028 45.24 39.259 22.730 
920902 2235 21.19 39.270 22.733 
920903 300 50.03 39.254 22.738 
920903 333 24.56 39.269 22.733 
920903 1318 18.63 39.144 22.799 
920904 858 29.98 39.222 22.697 
920904 1117 13.99 39.255 22.734 
920904 1206 30.78 39.144 22.797 
920904 2339 58.46 39.205 22.809 
920905 347 1.68 39.263 22.733 
920906 114 22.21 39.255 22.736 
920907 935 48.98 39.262 22.767 
920907 1359 5.68 39.139 22.792 
920908 1514 23.81 39.240 22.683 
920908 2013 45.50 39.200 22.722 
920908 2102 16.73 39.199 22.721 
920909 1148 31.74 39.139 22.798 
920911 1227 42.52 39.244 22.797 
920911 1537 9.84 39.256 22.737 
920911 1541 52.39 39.242 22.700 
920911 1544 4.94 39.241 22.702 
920911 1545 37.77 39.241 22.696 
920911 1546 30.37 39.242 22.704 
920911 1607 7.18 39.240 22.701 
920911 1736 47.56 39.369 22.608 
920911 1838 29.45 39.246 22.675 
	
0.0 	3.72 	213 	0.13 
-0.1 4.66 	116 0.09 
0.1 13.29 	293 	0.05 
1.1 4.16 96 0.06 
0.0 9.60 	142 	0.07 
1.4 10.78 167 0.06 
1.4 11.48 	207 	0.04 
-0.2 	2.45 114 0.14 
0.5 4.49 	115 	0.07 
0.9 	5.08 	228 0.13 
0.9 2.40 192 	0.02 
0.4 	7.05 	159 0.06 
-0.2 8.28 	155 	0.05 
-0.2 2.85 134 0.06 
0.2 10.04 	264 	0.05 
0.8 10.19 257 0.04 
0.3 	2.31 	123 	0.09 
0.3 1.76 198 0.09 
1.1 1.59 	196 	0.03 
0.6 10.85 209 0.07 
-0.3 	9.26 	207 	0.10 
-0.3 	9.23 189 	0.09 
-0.3 	3.18 	211 0.05 
0.3 	8.36 136 	0.08 
0.0 7.74 	130 	0.10 
-0.2 1.08 	152 0.06 
1.3 4.66 175 	0.01 
0.3 1.66 	205 	0.17 
0.4 9.19 	292 	0.06 
0.6 6.27 	289 0.05 
0.5 6.82 280 	0.04 
0.1 8.96 	293 0.02 
-0.1 6.31 	279 	0.05 
1.0 8.60 283 0.08 
-0.2 14.01 	240 	0.01 
1.1 1.26 164 0.05 
-0.1 2.82 	168 	0.06 
0.3 2.85 205 0.05 
-0.2 1.42 	163 	0.07 
0.1 7.39 287 0.06 
0.2 8.25 	289 	0.05 
0.2 1.36 191 0.07 
0.2 8.92 	282 	0.08 
0.2 	8.23 288 0.03 
1.1 2.86 	209 	0.01 
1.1 0.08 326 0.03 
0.3 	1.43 	160 	0.05 
0.3 4.01 186 0.06 
-0.1 3.66 	172 	0.06 
0.3 4.85 158 0.05 
0.2 1.55 	163 	0.05 
0.3 	2.47 146 0.07 
0.3 	2.76 	181 	0.19 
0.6 6.23 128 0.05 
1.8 2.63 	145 	0.14 
0.6 2.14 168 0.05 
0.6 2.97 	147 	0.05 
1.4 3.82 134 0.10 
0.9 4.35 	137 	0.09 
0.4 1.15 145 0.11 
0.2 4.49 	139 	0.08 
0.2 1.74 200 0.10 
0.9 3.84 	105 	0.05 
0.0 1.31 140 0.15 
0.0 2.05 	201 	0.03 
0.0 8.05 	145 0.04 
0.0 2.79 140 	0.07 
0.4 1.18 	142 0.09 
0.5 4.93 183 	0.07 
0.5 2.88 	209 0.04 
0.0 4.24 155 	0.06 
0.4 5.66 	128 0.05 
0.0 5.74 129 	0.06 
0.0 2.40 	207 0.14 
1.2 5.83 175 	0.05 
0.3 1.54 	143 0.22 
0.3 2.26 137 	0.06 
0.3 1.63 	133 0.05 
-0.1 2.69 140 	0.06 
0.5 1.77 	133 0.04 
0.5 1.96 	131 	0.04 
0.6 10.13 289 0.06 
0.3 4.71 	207 	0.05 
920912 1300 0.49 39.149 22.803 
920914 1701 23.52 39.233 22.817 
920915 1235 10.64 39.412 22.798 
920915 1734 38.92 39.185 22.685 
920915 2009 14.78 39.186 22.681 
920916 905 2.04 39.186 22.682 
920916 1630 9.77 39.185 22.684 
920920 1732 53.02 39.249 22.781 
920922 941 20.94 39.211 22.718 
920923 1040 24.72 39.147 22.789 
920923 1123 49.41 39.139 22.788 
920923 1642 53.47 39.241 22.767 
920924 255 3.12 39.209 22.715 
920926 2100 7.78 39.239 22.775 
920927 1048 35.47 39.200 22.710 
920929 300 8.43 39.242 22.758 
920929 1012 34.92 39.233 22.738 
920929 1354 52.35 39.207 22.709 
920930 1816 34.00 39.203 22.714 
921001 236 26.78 39.206 22.720 
921001 502 42.93 39.321 22.671 
921001 625 13.68 39.241 22.763 
921001 1757 47.05 39.230 22.717 
921002 115 42.49 39.173 22.680 
921002 1240 59.81 39.398 22.796 
921002 1830 18.96 39.245 22.734 
921002 2042 59.54 39.208 22.718 
921003 1451 32.87 39.206 22.677 
921004 1950 24.89 39.243 22.746 
921006 925 17.39 39.166 22.614 
921007 1219 41.41 39.127 22.806 
921007 1255 7.37 39.245 22.746 
921010 1321 53.83 39.237 22.736 
921012 	902 2.90 39.224 22.706 
921012 	947 11.38 39.235 22.711 
921012 1006 38.51 39.156 22.785 
921015 2345 39.48 39.243 22.676 
921015 2348 19.08 39.238 22.705 
921016 312 58.32 39.225 22.788 
921016 631 41.73 39.227 22.785 
921016 712 18.22 39.322 22.938 
921016 1841 39.55 39.258 22.851 
921018 1426 49.77 39.268 22.724 
921019 45 26.51 39.254 22.851 
921019 1642 49.70 39.240 22.848 
921020 1010 7.05 39.240 22.761 
921021 233 31.46 39.229 22.775 
921021 1056 12.36 39.254 22.683 
921021 2249 11.95 39.238 22.847 
921022 1026 41.88 39.203 22.673 
921022 1550 48.49 39.239 22.847 
921022 1558 50.61 39.229 22.900 
921023 317 51.63 39.172 22.663 
921024 630 50.69 39.242 22.727 
921024 824 50.49 39.236 22.764 
921026 538 51.65 39.243 22.726 
921029 839 47.83 39.226 22.729 
921029 1007 31.62 39.143 22.797 
921029 1322 17.94 39.209 22.674 
921030 1156 46.82 39.236 22.761 
921031 532 35.68 39.324 22.715 
921101 1657 40.68 39.322 22.715 
921101 1722 28.48 39.310 22.714 
921101 1727 4.06 39.320 22.715 
921102 501 53.58 39.316 22.718 
921102 1147 7.89 39.134 22.795 
921102 2033 2.58 39.327 22.711 
921103 856 22.52 39.230 22.882 
921103 1352 14.34 39.394 22.845 
921104 1518 9.06 39.248 22.771 
921105 242 1.54 39.257 22.767 
921106 306 50.30 39.307 22.714 
921106 2042 14.72 39.315 22.708 
921107 1708 51.20 39.246 22.670 
921108 1905 39.82 39.258 22.764 
921110 1259 3.30 39.143 22.794 
921116 335 53.10 39.179 22.684 
921116 344 38.85 39.175 22.674 
921116 1121 32.77 39.154 22.790 
921117 1044 3.40 39.241 22.758 
921122 711 24.30 39.238 22.751 
921122 1827 30.05 39.200 22.896 
921123 342 2.28 39.243 22.760 
921123 1829 59.51 39.287 22.639 
921125 335 17.83 39.251 22.765 
921126 238 51.00 39.238 22.762 
921126 725 21.17 39.419 22.666 
921126 735 16.44 39.415 22.656 
921126 753 38.50 39.416 22.660 
921126 914 0.63 39.239 22.733 
	
0.1 2.06 	191 	0.06 
0.8 	2.12 169 0.08 
0.7 10.12 	304 	0.00 
0.0 6.71 139 0.00 
0.4 	6.84 	139 	0.01 
0.4 	6.97 139 0.01 
-0.2 	6.69 	139 	0.00 
-0.2 2.08 175 0.05 
-0.2 	7.31 	119 	0.08 
0.5 4.59 217 0.01 
1.0 4.82 	230 	0.01 
0.4 	1.30 104 0.10 
1.2 5.90 	119 	0.13 
1.2 2.96 119 0.03 
0.1 3.33 	168 	0.01 
0.6 	1.74 135 0.04 
0.0 	1.08 	132 	0.04 
0.0 6.62 121 0.04 
0.3 	5.42 	124 	0.04 
0.3 4.08 122 0.02 
0.4 10.29 	277 	0.07 
1.6 0.93 131 0.06 
0.3 	5.25 	134 	0.06 
1.0 	7.93 123 0.03 
1.0 9.68 	301 	0.01 
0.2 4.97 155 0.08 
0.2 7.07 	121 	0.08 
-0.2 	2.40 158 0.01 
-0.1 2.90 	145 	0.10 
0.5 	6.08 213 0.02 
0.5 3.21 	238 	0.12 
0.5 	3.81 148 0.06 
0.5 2.45 	140 	0.05 
0.6 	1.67 210 0.01 
-0.1 4.05 	145 	0.05 
0.8 	2.87 204 0.01 
0.8 4.01 	209 	0.03 
0.6 0.17 154 0.08 
0.3 	1.58 	127 	0.05 
0.4 	1.73 124 0.07 
0.4 10.73 	235 	0.04 
0.6 7.01 176 0.07 
0.5 6.10 	203 	0.07 
0.2 6.23 171 0.04 
0.7 4.42 	155 	0.02 
0.7 6.63 131 0.02 
1.1 1.15 	118 	0.05 
1.2 	5.46 307 0.03 
0.5 	3.36 	152 	0.02 
0.1 0.54 153 0.01 
0.6 3.60 	154 	0.04 
0.7 6.14 163 0.05 
-0.4 12.93 	126 	0.02 
0.0 	6.90 153 0.05 
0.4 	1.93 	219 	0.02 
0.1 4.88 155 0.06 
0.0 3.63 	211 	0.02 
0.0 	1.10 222 0.03 
0.6 3.31 	159 	0.01 
0.1 1.37 219 0.03 
1.0 9.32 	317 	0.01 
1.2 7.44 277 0.02 
0.4 6.21 	265 	0.03 
0.4 	7.40 275 0.02 
0.4 	6.88 	271 	0.01 
0.4 	3.23 214 0.05 
0.4 6.52 	281 	0.01 
0.0 5.11 175 0.05 
1.4 10.95 	299 	0.03 
1.4 2.57 113 0.12 
1.4 2.37 	206 	0.02 
0.4 7.35 262 0.07 
0.4 7.40 	272 	0.04 
0.5 4.06 210 0.08 
0.0 2.27 	203 	0.05 
0.4 2.40 204 0.10 
-0.3 	8.63 	127 	0.06 
0.4 9.09 125 0.03 
0.4 0.69 	192 	0.11 
0.4 	1.73 104 0.05 
0.7 2.98 	100 	0.05 
0.3 10.32 154 0.07 
0.3 	1.66 	105 	0.15 
0.3 	9.11 247 0.04 
0.4 3.61 	105 	0.14 
0.2 1.90 109 0.10 
1.0 15.29 	312 	0.03 
0.8 13.65 308 0.03 
0.8 13.58 	310 	0.06 
0.8 	1.56 97 0.07 
NA 
921126 1354 38.80 39.437 22.798 
921127 1322 4.98 39.137 22.798 
921128 507 8.20 39.241 22.757 
921128 905 15.97 39.248 22.739 
921128 2019 41.29 39.277 22.896 
921130 234 6.00 39.257 22.724 
921130 2305 0.82 39.069 23.094 
921201 1115 17.53 39.489 22.807 
921201 1441 57.13 39.370 22.912 
921204 304 34.88 39.182 22.727 
921206 1632 49.48 39.192 22.727 
921207 3349.95 39.242 22.684 
921208 403 42.25 39.176 22.654 
921208 715 20.88 39.203 22.892 
921208 923 5.44 39.153 22.797 
921211 2138 11.77 39.255 22.791 
921213 1715 22.83 39.237 22.765 
921220 1845 10.17 39.423 22.697 
921220 1846 9.03 39.427 22.688 
921221 1136 8.16 39.248 22.762 
921221 1557 4.23 39.248 22.761 
921222 2104 15.90 39.326 22.974 
921228 2110 25.48 39.179 22.742 
921229 125 30.97 39.176 22.746 
921230 305 34.49 39.239 22.756 
930103 349 25.55 39.241 22.753 
930103 1356 52.59 39.194 22.867 
930103 1519 59.64 39.195 22.870 
930105 905 35.60 39.239 22.760 
930106 1510 23.21 39.241 22.754 
930107 1054 59.49 39.269 22.718 
930109 2002 46.56 39.238 22.771 
930110 5 34.89 39.243 22.753 
930110 1953 39.02 39.233 22.778 
9301-11 206 5.36 39.250 22.918 
930113 838 9.63 39.119 22.793 
930114 1343 11.42 39.370 22.790 
930114 1404 28.18 39.397 22.830 
930115 541 40.96 39.247 22.760 
930116 913 50.13 39.201 22.872 
930123 2336 8.71 39.227 22.684 
930125 858 32.01 39.246 22.785 
930125 949 45.42 39.411 22.792 
930125 1254 16.06 39.412 22.797 
930127 1707 8.76 39.250 22.754 
930130 343 37.37 38.858 22.860 
930130 2107 36.72 39.218 22.803 
930131 203 27.89 39.246 22.759 
930201 617 31.82 39.246 22.766 
930201 1257 1.05 39.393 22.818 
	
0.8 	3.95 	322 	0.07 
0.8 	3.33 209 0.08 
0.8 1.80 	103 	0.05 
0.1 	1.92 	119 0.06 
0.8 12.20 	220 	0.13 
0.8 1.61 	135 0.12 
0.8 14.33 211 	0.04 
1.2 12.56 	327 	0.07 
1.2 13.25 269 0.13 
-0.1 10.08 	141 	0.04 
0.2 	7.32 135 0.05 
0.0 2.84 	164 	0.03 
0.3 	9.96 	133 0.08 
0.4 12.25 156 	0.09 
0.4 2.53 	190 0.01 
0.4 3.04 137 	0.08 
0.4 2.94 	112 0.21 
1.7 17.49 	323 	0.09 
1.1 15.89 	323 0.04 
1.1 2.84 104 	0.06 
1.1 2.87 	103 0.07 
1.1 	9.89 	236 	0.03 
0.2 	8.75 155 0.05 
0.2 8.93 	160 	0.07 
0.2 	1.17 103 0.07 
-0.1 1.47 	125 	0.05 
0.9 10.03 145 0.05 
0.9 8.13 	146 	0.05 
0.3 3.69 106 0.10 
0.6 1.11 	101 	0.13 
0.7 2.69 174 0.05 
1.2 2.57 	118 	0.08 
0.8 	1.48 99 	0.05 
0.5 2.53 	126 0.08 
0.5 8.77 195 	0.03 
0.5 	6.27 	233 0.20 
0.5 12.64 311 	0.02 
0.5 10.54 	305 	0.02 
1.3 	1.90 103 0.05 
0.2 7.94 	150 	0.06 
0.2 4.83 142 	0.14 
1.3 1.71 	132 0.06 
0.7 15.94 320 	0.17 
0.4 	9.55 	319 0.01 
-0.2 	1.80 209 	0.02 
2.4 20.07 	318 0.03 
0.1 5.63 141 	0.08 
0.1 3.69 	103 0.09 
0.0 0.92 224 	0.03 
0.0 11.14 	308 0.02 
TABLE A2.2 
2D LOCATIONS (SEPTEMBER 1993-OCTOBER 1993) 
DATE HP.MN SECS LAT. LON. MAG. DEPTH GAP RNS BLASTS 
930901 313 49.14 39.241 22.752 -0.1 0.80 139 0.09 
930901 951 34.82 39.118 22.794 0.4 6.20 207 0.04 * 
930902 11 8 4.55 39.107 22.796 0.5 7.45 226 0.07 * 
930902 1443 6.61 39.343 22.639- 0.5 7.93 302 0.05 * 
930903 1629 31.96 39.225 22.715 0.2 1.50 119 0.05 * 
930904 1119 1.58 39.122 22.796 0.7 5.79 200 0.04 * 
930904 1521 56.10 39.237 22.937 0.1 9.38 261 0.10 
930904 1531 12.39 39.236 22.938 0.3 9.88 262 0.10 
930904 1535 19.09 39.237 22.925 0.0 12.28 254 0.07 
930904 18 1 46.45 39.247 22.773 0.0 1.56 186 0.05 
930904 2251 40.96 39.324 22.798 0.1 6.69 272 0.07 
930905 14 5 28.02 39.197 23.018 0.2 14.29 294 0.09 
930906 919 2.75 39.201 22.915 0.0 11.69 240 0.02 
930906 1234 54.15 39.132 22.792 0.9 5.80 181 0.05 * 
930906 1358 9.54 39.243 22.777 0.0 3.73 159 0.08 * 
930906 2052 9.65 39.334 22.762 0.1 9.02 273 0.04 
930907 828 58.26 39.112 22.798 0.4 7.22 219 0.07 * 
930908 336 17.14 39.275 22.929 0.1 13.13 276 0.08 
930909 354 16.38 39.240 22.742 0.5 3.23 88 0.08 
930909 935 28.86 39.119 22.797 1.2 6.21 205 0.02 * 
930909 1031 22.26 39.239 22.769 0.2 0.47 155 0.08 
930909 1251 31.85 39.131 22.791 0.7 6.00 183 0.06 * 
930909 2128 30.74 39.242 22.742 0.1 3.66 90 0.09 
930910 7 8 17.92 39.199 22.834 0.0 11.69 160 0.05 
930910 1115 33.14 39.113 22.789 1.1 6.63 219 0.05 * 
930911 952 40.70 39.258 22.750 0.4 3.53 87 0.07 
930911 1536 59.86 39.229 22.819 0.4 1.21 149 0.09 * 
930912 1240 12.18 39.256 22.704 0.8 1.75 167 0.10 
930913 114 30.06 39.242 22.721 1.0 0.38 114 0.10 
930913 9 5 58.48 39.243 22.738 0.4 3.49 96 0.09 
930913 1242 45.32 39.247 22.715 0.8 0.12 130 0.09 
930914 1122 46.54 39.124 22.797 1.0 6.37 196 0.04 * 
930914 1136 59.55 39.126 22.791 0.4 7.34 194 0.06 * 
930914 2314 34.79 39.244 22.742 -0.2 1.73 147 0.07 
930915 1155 28.72 39.349 22.697 0.4 2.11 288 0.10 
930916 910 46.82 39.120 22.796 0.7 5.98 203 0.02 * 
930917 917 17.60 39.119 22.792 0.6 4.95 207 0.03 * 
930917 1141 25.37 39.125 22.796 0.5 4.18 194 0.04 * 
930918 1335 35.92 39.123 22.797 0.5 3.79 198 0.09 * 
930918 1524 44.24 39.110 22.794 0.4 7.03 223 0.05 * 
930918 2341 13.90 39.234 22.807 -0.2 1.90 194 0.09 
930920 912 3.65 39.120 22.793 0.6 5.17 205 0.05 * 
930920 1145 51.19 39.136 22.794 0.4 4.66 173 0.06 * 
930921 1145 33.70 39.119 22.794 0.5 5.66 207 0.04 * 
930922 053 1.02 39.240 22.755 0.1 3.40 92 0.10 
930922 1033 15.97 39.239 22.701 0.9 3.81 130 0.10 
930922 11 3 50.20 39.116 22.797 0.7 6.28 212 0.05 * 
930923 1314 12.27 39.134 22.792 0.5 5.60 177 0.03 * 
930924 1145 9.86 39.125 22.799 0.6 5.53 193 0.07 * 
930924 1325 34.21 39.238 22.820 -0.1 2.81 206 0.08 
930924 1435 46.69 39.204 22.910 -0.2 8.51 235 0.07 
930925 1328 0.06 39.241 22.743 -0.3- 1.93 132 0.06 
930925 22 9 46.12 39.234 22.824 0.0 2.64 155 0.07 
930926 547 34.85 39.234 22.820 0.2 3.22 151 0.07 
930926 1047 0.84 39.121 22.801 0.5 6.20 200 0.04 * 
930926 1621 40.75 39.238 22.776 0.0 1.33 162 0.05 
930927 2344 30.24 39.250 22.741 1.6 3.69 97 0.07 
930927 2348 49.62 39.245 22.743 0.0 0.83 129 0.09 
930928 051 28.30 39.246 22.746 -0.2 2.18 151 0.09 
930928 151 40.14 39.243 22.745 -0.3 0.33 132 0.09 
930928 156 25.19 39.249 22.740 0.0 3.65 125 0.08 
930928 3 	9 25.11 39.247 22.740 0.0 1.70 126 0.06 
930928 359 8.33 38.902 22.841 1.0 8.58 332 0.09 
930928 511 2.01 39.239 22.727 1.0 3.45 103 0.10 
930928 858 37.42 39.139 22.794 0.3 4.48 168 0.03 * 
930928 1151 28.46 39.246 22.744 0.3 1.92 130 0.06 
930928 1153 37.11 39.249 22.742 0.1 1.97 127 0.10 * 
930928 1217 1.60 39.120 22.795 0.6 4.19 204 0.06 * 
930928 1848 3.15 39.248 22.742 -0.2 1.85 145 0.08 
930929 426 31.25 39.245 22.759 0.1 3.78 93 0.10 
930930 1144 59.21 39.122 22.796 0.6 5.95 200 0.03 * 
930930 1213 19.41 39.199 22.712 0.9 8.94 149 0.08 
930930 1533 48.07 39.174 22.604 0.2 12.51 291 0.07 
930930 2056 41.52 39.197 22.992 0.7 13.41 285 0.08 
931001 552 1.07 39.246 22.745 0.0 1.41 131 0.10 
931002 1528 16.29 39.316 22.979 0.5 7.87 351 0.05 
931003 3 	4 6.32 39.239 22.850 0.3 5.39 187 0.08 
931003 7 9 27.52 39.225 22.821 0.0 4.34 151 0.08 
931003 928 34.16 39.248 22.934 0.3 6.68 264 0.04 
931004 917 38.19 39.236 22.824 0.2 3.79 156 0.09 
931004 1239 30.72 39.120 22.791 0.6 4.21 205 0.03 * 
931004 1633 57.46 39.243 22.748 -0.1 1.27 208 0.07 
931005 12 	9 41.14 39.132 22.791 0.7 5.69 182 0.03 * 
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931005 1930 6.56 39.244 22.676 0.6 13.61 194 0.07 
931005 1934 8.42 39.242 22.682 0.7 13.54 165 0.09 
931005 1936 53.46 39.248 22.674 0.1 13.43 215 0.06 
931005 2113 48.89 39.240 22.914 0.2 7.62 248 0.09 
931006 6 7 36.79 39.243 22.381 1.7 23.18 331 0.07 
931006 2230 59.06 39.207 22.740 -0.1 5.43 108 0.10 
931007 113 34.37 39.251 22.751 1.5 6.79 86 0.08 
931007 119 56.96 39.241 22.757 -0.1 0.60 143 0.07 
931007 328 51.05 39.240 22.755 -0.3 0.19 142 0.08 
931007 1151 54.71 39.122 22.796 0.7 5.22 199 0.04 
931008 1056 21.24 39.127 22.794 0.8 3.91 190 0.06 
931009 1048 56.88 39.118 22.794 1.0 6.21 208 0.03 
931009 1745 59.37 39.350 22.812 1.3 12.80 301 0.07 
931010 130 37.53 39.132 22.473 0.2 19.38 326 0.02 
931011 848 46.75 39.116 22.792 0.5 6.47 213 0.04 
931011 911 31.47 39.135 22.795 0.4 4.01 174 0.07 
931012 129 7.47 39.277 22.820 0.2 4.60 215 0.07 
931012 1145 48.41 39.114 22.788 0.7 5.66 217 0.10 
931012 1530 2.41 39.239 22.724 0.0 1.90 119 0.07 
931013 1022 45.22 39.250 22.865 0.9 8.31 211 0.06 
931013 1222 43.58 39.120 22.795 0.5 3.84 203 0.07 
931014 917 32.67 39.135 22.795 0.5 4.25 175 0.06 
931014 935 52.76 39.122 22.792 0.6 4.58 202 0.04 
931014 11 6 32.99 39.249 22.865 1.8 8.64 210 0.07 
931014 1119 51.81 39.287 22.920 0.3 12.21 281 0.09 
931015 722 10.41 39.264 22.906 0.1 13.16 256 0.09 
931015 1030 53.16 39.109 22.796 0.9 6.89 224 0.08 
931015 2047 55.47 39.267 22.918 0.3 8.40 266 0.09 
931018 1047 15.41 39.120 22.795 0.6 4.88 204 0.04 
931018 1318 15.69 39.125 22.789 8.12 196 0.04 
931019 014 32.77 39.197 22.900 -0.2 8.24 226 0.09 
931019 224 26.93 39.225 22.697 0.9 2.38 131 0.07 
931019 228 26.32 39.225 22.697 0.8 2.34 130 0.09 
931019 711 49.36 39.118 22.545 1.2 15.01 310 0.04 
931019 1057 28.71 39.113 22.788 0.6 6.52 219 0.09 
931019 1110 48.33 39.228 22.686 1.3 3.85 138 0.10 
931019 1114 58.91 39.224 22.694 0.9 2.96 135 0.07 
931019 1122 15.98 39.224 22.702 0.4 1.00 126 0.06 
931019 1126 54.58 39.222 22.696 1.1 3.12 138 0.09 
931019 1541 25.65 39.225 22.689 0.7 3.51 142 0.09 
931019 16 9 27.74 39.226 22.698 0.6 2.04 127 0.08 
931019 1644 5.23 39.227 22.697 0.6 2.46 126 0.09 
931019 1656 26.97 39.223 22.702 0.2 1.25 128 0.07 
931019 1725 15.97 39.309 22.797 0.3 6.04 242 0.09 
931019 2125 46.09 39.226 22.694 1.0 3.72 133 0.06 
931019 2258 4.26 39.224 22.685 1.7 5.23 152 0.08 
931019 2259 33.12 39.225 22.697 1.2 2.84. 131 0.09 
931019 23 3 40.17 39.225 22.698 0.0 2.31 130 0.06 
931019 23 5 9.43 39.291 22.795 0.8 6.38 193 0.09 
931019 23 7 4.12 39.227 22.701 0.6 1.42 122 0.08 
931019 2310 9.99 39.227 22.703 0.2 1.50 119 0.09 
931020 018 35.91 39.224 22.698 0.3 2.46 132 0.07 
931020 037 27.29 39.223 22.701 0.9 1.63 129 0.09 
931020 326 30.13 39.226 22.701 0.0 2.51 123 0.10 
931020 545 15.23 39.223 22.703 1.2 0.73 127 0.07 
931020 610 28.49 39.234 22.697 0.1 1.98 116 0.04 
931021 10 9 41.45 39.119 22.795 0.7 4.75 206 0.04 
931022 223 58.73 39.245 22.786 0.0 1.49 165 0.08 
931022 1224 16.08 39.225 22.703 0.3 2.23 123 0.09 
931023 310 29.21 39.242 22.714 0.2 0.79 122 0.07 
931023 1056 21.14 39.109 22.790 0.8 7.03 225 0.03 
931024 426 58.99 39.225 22.699 0.4 2.72 128 0.08 
931024 1057 57.22 39.111 22.791 1.0 7.00 221 0.07 
931024 1343 15.76 39.219 22.806 0.2 3.17 136 0.07 
931024 1953 24.09 39.225 22.697 0.5 2.43 132 0.09 
931024 2122 22.05 39.226 22.699 1.3 2.93 125 0.10 
931024 2316 43.69 39.309 22.795 0.1 5.61 241 0.08 
931025 522 24.63 39.231 22.695 0.3 2.22 118 0.04 
931025 545 48.79 39.138 22.795 0.4 3.59 168 0.03 
931025 1238 42.56 39.124 22.793 0.7 5.01 198 0.05 
931025 1528 9.76 39.227 22.699 0.3 1.55 123 0.07 
931025 1924 32.75 39.227 22.701 -0.1 2.04 122 0.08 
931026 11 3 54.17 39.132 22.793 0.8 5.30 181 0.07 
931027 128 23.67 39.224 22.703 1.0 1.48 125 0.09 
931027 941 7.42 39.120 22.794 0.7 5.82 203 0.04 
931029 1141 3.41 39.125 22.799 0.9 5.98 193 0.07 
931029 1855 50.92 39.253 22.744 -0.2 3.22 141 0.06 
931030 738 21.07 39.227 22.701 0.2 1.63 121 0.08 
931030 11 7 32.23 39.130 22.795 0.7 3.66 185 0.05 
931031 9 	7 56.56 39.124 22.794 0.7 4.97 197 0.05 
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ABSTRACT 
We use three-component S waves together with P waves from microearthquakes in an 
isolated intraplate sequence in Arkansas, USA, to determine individual focal mechanisms, 
taking due account of shear-wave splitting if this is present. The method uses an extension 
of the relative amplitude method for microearthquakes, in which the polarities and relative 
amplitudes of two- or three- component direct S waves are measured in addition to P-wave 
polarities. For each earthquake, the identification of any apparent shear-wave splitting is 
confirmed by comparing the mutual compatibility of observations at all stations under 
different interpretations of the supposed slow S wave. This provides evidence of the correct 
identification of shear-wave splitting which does not rely simply on the analysis of the 
seismic waveforms themselves. 
In this example, it is concluded that the supposed shear-wave splitting is real, and hence 
that anisotropy is present. Well-constrained oblique strike slip focal mechanisms are 
determined for six events, and these agree with the composite focal mechanisms of other 
workers who used only P-wave polarities. This success demonstrates the feasibility of 
determining focal mechanisms for individual microearthquakes using this method. This is 
important as it removes the need to synthesise composite focal mechanisms under the 
assumption that all events have the same source orientation, and makes it realistic to examine 
the distribution of focal mechanisms within a population of microearthquakes. 
1. INTRODUCTION 
Recorded S waves are sensitive to both the earthquake source mechanism and to any 
seismic anisotropy along the path. It is therefore necessary to consider both of these effects 
when shear-wave observations are used to infer either path or source parameters. In particular, 
when determining the focal mechanisms of microearthquakes, the incorporation of shear-wave 
information can in principle lead to well-constrained mechanisms for individual events; this 
cannot normally be achieved using P-wave polarities alone. However, it is essential to ensure 
that the shear-wave polarisation direction at the source is correctly restored from any 
seismogram which exhibits shear-wave splitting due to anisotropy. This depends upon the 
correct identification and measurement of the first and second split S waves. 
Depending upon the strength of anisotropy and the path length in relation to the observed 
wavelength, the effect of anisotropy on the shear waveform may be considerable. Crampin 
and Lovell (1991) have stated that shear-wave splitting has been observed along almost all 
raypaths in the uppermost half of the Earth's crust, and is considered to be indicative of some 
form of azimuthal anisotropy. Consequently, the measured shear-wave polarisation might not 
represent the polarisation of the S wave radiated from the source, instead being governed by 
the preferred orientation associated with the first split S wave. 
There are studies in which shear-wave measurements are used in focal mechanism 
determinations without considering the possible existence of shear-wave splitting on the 
observed seismograms (e.g. Haar et al., 1984; Xiong et al., 1993). However. Zollo and 
Bernard (1989) have applied an inversion method on waveforms corrected for the shear-wave 
splitting effect in order to determine focal mechanisms and have combined P polarities and 
S polarisations for the determination of focal mechanisms of local earthquakes (Zollo and 
Bernard, 1991; De Chabalier et al., 1992). 
Using our method, the presence or absence of anisotropy is confirmed as part of the focal 
mechanism determination by examining the compatibility of the observations with a double-
couple source under different interpretations of the shear waveforms. This procedure enables 
S waves to be used in cases where shear-wave splitting would otherwise render them unusable 
in the focal mechanism determination. 
The method is applied to a data set from a locally recorded microearthquake sequence in 
a shield region (Arkansas, USA). This is chosen as a first example because the seismograms 
are simple and hence easier to analyse and interpret. 
2. METHOD 
2.1 USE OF THE RELATIVE AMPLITUDE METHOD WITH LOCAL THREE-
COMPONENT S WAVES 
To determine the focal mechanisms we use the relative amplitude method of Pearce (1977, 
1980) and Pearce and Rogers (1989), modified for local shear-wave observations. This method 
is designed to exploit only that information in a seismogram which relates directly to the focal 
mechanism, thereby minimising the need to provide information about Earth structure. When 
applied to local observations of microearthquakes, the method can utilise the polarities of 
direct P, and the polarities and relative amplitudes of three-component direct S. At each 
station the S-wave measurements place constraints on the S-wave polarisation direction at the 
receiver, which together with the P-wave polarity, places corresponding constraints on the 
orientation of the P- and S-wave radiation patterns, and hence on the focal mechanism. The 
relative amplitude method was principally designed for use at teleseismic distances (Pearce 
1980, Pearce and Rogers 1989) and was first used at local distances by Murdie et al. (1993). 
A number of special factors need to be taken into account when using locally recorded 
three component P or S waves. First, allowance must be made for the fact that a free surface 
recording comprises the sum of the incident wave and the reflected P and S waves, whereas 
it is the incident wave (either P or 5) whose characteristics we require. At teleseismic 
distances this difference is not significant, either because we are considering the relative 
amplitude of phases recorded on the same trace (e.g. P, pP and sP) or because, in the case 
of three component S waves, we are only considering the relative amplitude of the two 
horizontal components, and for emergent angles close to the vertical, the relationship between 
the radial and transverse components and the surface motion is similar. However, if the angle 
of emergence is not small, or we wish to consider the relative amplitudes of horizontal and 
vertical components, we must correct for the ratio of the free surface motion to the incident 
wave motion for each component. Those ratios may be derived from the amplitude 
partitioning equations and have been investigated in the context of surface shear-wave 
observation by, for example, Evans (1984). Pearce and Young (1995) show those ratios 
graphically for both incident P and S, and the appropriate corrections are applied here. 
Where the incident S wave is super-critical to reflected P, the polarisation of the surface 
shear-wave motion ceases to be planar, on account of the non-trivial phase change suffered 
by the vertical component of the incident S wave but not its horizontal component. Such 
incident S waves are said to be beyond the shear-wave window (Booth and Crampin, 1985) 
and cannot normally be used for analysis. This critical angle is given by sin(V/V), which 
for a Poisson solid is approximately 350•  Moreover, the amplitude of the vertical component 
of surface motion increases rapidly as this angle is approached (Pearce and Young 1995), 
making amplitude measurements on S waves emerging beyond about 300  questionable. 
In cases where the near-surface layering has low wave speeds, rays from a wider range 
of sources come within the shear-wave window. However, it is important that the S wave may 
be incident at deeper interfaces at an angle super-critical for reflected P. resulting in an S 
wave incident at the surface which is already elliptically polarised. Liu and Crampin (1990) 
consider that this is not an important effect in practice , and that S waves emerging from 
sources whose direct line to the station emerges at up to 400  may be usable (Chen et al., 
1987)—the main check on this being that the shear-wave observation is itself simple. 
A further factor which may complicate the analysis of local observations is if the 
emerging wavefront cannot be regarded as planar. This was considered by Booth and Crampin 
(1985), who used synthetic seismograms to show that in the case of curved wavefronts the 
surface motion remains plane-polarised at a larger emergent angle than for an S wave which 
is effectively planar. The validity of the plane wave approximation depends upon the ratio of 
the hypocentral distance and the wavelength, so that this effect becomes more noticeable at 
lower frequencies. 
2.2 ANALYSIS OF THE SHEAR-WAVE SIGNALS 
The S wave measurements are made on three-component seismograms. First, the north and 
east horizontal components are transformed into the radial and transverse components. The 
particle motion is projected onto three mutually orthogonal planes normal to the radial, 
transverse and vertical directions (Figure 1 a), to produce three particle-motion diagrams. By 
examining these diagrams, S-to-P conversions appearing before the direct S arrival can be 
easily distinguished, and not misinterpreted as S wave arrivals. It is valid to examine the 
particle motion in the above planes provided the emergent ray is near to the vertical, so that 
most of the shear energy is in the horizontal plane and most of the P-wave energy is in the 
two vertical planes. Otherwise, the coordinate system must be rotated so that the vertical axis 
lies instead along the ray direction. 
The polarization direction of the direct S wave is measured in the horizontal plane from 
particle motion plots, and the radial and transverse traces are transformed again into the 
horizontal directions which correspond to the polarisation direction, X, of the first shear-wave 
arrival, and the direction perpendicular to it. Y (Figure lb). The question that immediately 
arises is whether this polarisation directly represents the polarisation at the source, or whether 
it is the polarisation direction of a first split S wave resulting from passage of the ray through 
a region of seismic anisotropy. Our approach is to assume both of these possibilities, and to 
establish whether each is compatible at all stations with radiation from a double-couple 
source. 
We now show three-component seismograms recorded at one station to illustrate how the 
measurements are made, and how they are used to distinguish between the two possibilities. 
Figure 2a shows the three components as recorded. The vertical component gives us the P-
wave polarity (the other two P-wave components convey no additional information once the 
emergent angle and backbearing are known). In (b) the north and east components have been 
rotated to the radial and transverse directions. Particle motion diagrams are shown for the 
horizontal plane (defined in Figure 1) for three contiguous time windows of 0.1 seconds 
(labelled 1,2 and 3) around the S-wave arrival time. On each particle motion diagram tick 
marks are shown at intervals of 5 ms. The arrow-head at the end of each locus indicates 
increasing time. The additional arrow on the second polarisation diagram indicates the 
polarisation direction of the arriving S wave. We expect the onset of the (pre-critical) S wave 
to be plane-polarised. 
Figure 2c shows the horizontal components rotated again into the X and Y directions 
(defined in Figure 1), again accompanied by particle motion diagrams. In this coordinate 
system the first S wave is plane-polarised in the fast direction (F) as determined from 
analysis of the particle motion plots in Figure 2b. The inferred polarisation direction is shown 
by an arrow in the second particle motion plot of (b). In Figure 2c we assume that this arrival 
represents that of an unsplit S wave, identified as A, and the slightly later arrival on the Y 
component identified as B is assumed to be a phase other than the direct S wave—for 
example a converted phase. Corresponding amplitude bounds and polarities are specified (see 
section 2.3). This we refer to as 'Interpretation 1. 
In Figure 2d we assume that arrival B on the Y component is the second split S wave. 
The Y component is then advanced to align it with the X component arrival, effectively 
recombining the fast and slow S waves. Corresponding amplitude bounds and polarities are 
again specified; this is referred to as Interpretation 2'. 
2.3 POLARITY AND RELATIVE AMPLITUDE MEASUREMENTS 
Following the relative amplitude method (Pearce 1980, Pearce and Rogers 1989) we make 
polarity and amplitude measurements from the three-component S waves in a form which 
utilises only reliable measurements, and which embodies appropriate confidence limits on the 
measurements insofar as they relate to the source radiation pattern. Each polarity can be 
assigned positive (+ve), negative (-ye), or, in the case of emergent or otherwise uncertain first 
motion, unknown (U). If the polarity is unknown, but can be specified with confidence 
relative to the unknown polarity of another component, then 'the same as' (S) or 'opposite to' 
(0) this other component can be specified. 
When measuring amplitudes, we aim to impose limits within which we are confident that 
the true value lies. For each amplitude measurement we specify upper and lower bounds, and 
the range is made sufficiently broad to allow for any uncertainties due to seismic noise, pulse 
shape, instrument response and interfering arrivals (Pearce 1980). In a typical case this might 
mean specifying an amplitude ratio within a factor of two—the aim always being towards 
underconstraint. Given a set of measurements, we may establish whether or not there is a 
range of double-couple orientations compatible with the data. Because we impose bounds on 
each amplitude there is no goodness of fit; any station is either compatible or incompatible 
with the data (Pearce 1980). 
An essential feature of the method is that path effects are minimised by using relative 
amplitudes between different arrivals and not absolute values. Thus, for three-component S 
waves our measurements impose constraints on the polarisation direction of the S wave but 
not its amplitude. This means that amplitudes on each component may be measured in (the 
same) arbitrary units. This requires reliable cross-calibration between the components, but not 
absolute calibration. If cross-calibration is not available then no amplitude constraint can be 
imposed, and the only constraint possible is provided by polarity measurements. 
Figure 2c serves as an example and the measurements are shown in Table I. Following 
the above procedure, an amplitude range of 10 to 20 with positive polarity is assigned to the 
X trace and a range of 0 to 2 with an unknown polarity is assigned to the Y trace. This shows 
that this amplitude is much smaller than that of the X trace and may indeed be zero. If the 
amplitude of the phase might be zero, this implies that we cannot read its polarity 
unambiguously. The Y trace amplitude is low for Interpretation 1 by definition, since the 
horizontal components have been rotated so that the polarisation of the first arrival is oriented 
along X. The corresponding range of amplitude ratios (Max(X!Y)=co, Min(X/Y)=5) implies 
that the shear-wave amplitude on the X component is at least five times as high as that on 
the Y component. If the measured shear-wave polarisation represents that of an unsplit S wave 
the source polarisation (as assumed in Interpretation 1) then these measurements contribute 
to the determination of a valid focal mechanism. 
Assuming the existence of anisotropy, (Figure 2d), the unsplit S wave can be reconstructed 
by removing the time delay between the first split S wave (on the X component) and the 
second split S wave (on the Y component). This time delay can be deduced from the 
seismogram but more accurately from the particle motion diagrams as described by Chen et 
al. (1987). Here we mark the first and second arrivals A and B respectively on both the 
seismograms and the particle motion plots in Figure 2c. The Y component is then advanced 
with respect to the X component in order to realign the two S waves (Figure 2d), and a new 
set of measurements is made, also shown in Table 1. In this case, the Y component definitely 
has a non-zero amplitude and unambiguous polarity. The range of amplitudes specified for 
the Y trace gives Max(X/Y)= 10, Max(X/Y)=2. This means that the X shear-wave amplitude 
must be at least double the Y shear-wave amplitude. These measurements, together with 
equivalent ones from other stations, are then used in a second focal mechanism computation. 
2.4 TESTING THE VALIDITY OF THE INTERPRETATION 
When measurements at different stations similar to those of Figure 2c are utilised in a 
focal mechanism computation, their compatibility with a double-couple source can be used 
as evidence that Interpretation 1 may be valid. If double-couple solutions are obtained, then 
we can say that Interpretation 1 is consistent with the data (though not to the exclusion of any 
other interpretation). If no double-couple solutions are obtained, then either Interpretation 1 
is incorrect, or the double-couple source model is invalid for this earthquake. Equally, failure 
to obtain any compatible double-couple source orientations would suggest that Interpretation 
2 is invalid. 
The concept of using the relative amplitude method to determine whether a set of 
seismograms is consistent or inconsistent with a given interpretation of the waveforms has 
been used by Pearce (1995) in the context of earthquake/explosion discrimination at 
teleseismic distances. There is ample evidence that the double-couple source is valid for the 
vast majority of earthquakes, so here this source model is assumed throughout. 
If the observed first arrival is the first split S wave resulting from passage through an 
arlisotropic medium, then the measurements made from Figure 2c are invalid for a source 
mechanism determination. Provided there are sufficient data, we expect this to become clear 
by a failure to obtain any mechanisms which are compatible with the observations at all 
stations. 
It follows that if only one of the two interpretations yields compatible solutions, this is 
evidence in support of either the presence or absence of shear-wave splitting. If both 
interpretations yield compatible orientations, then we conclude that there are insufficient data 
to discriminate between the two interpretations. However, if we are already confident of the 
correct interpretation from other evidence (e.g. from particle motion diagrams, or from other 
better recorded events recorded along the same raypaths), then we can use that interpretation 
to determine focal mechanisms for other events which may be less well recorded. 
3. EXAMPLE 
As an example of the application of this method we consider events from an isolated 
sequence of microearthquakes in a stable continental area. Such earthquakes normally have 
simple waveforms because of simple velocity structure and low anelastic attenuation or 
scattering. We use the seismograms of one foreshock and two aftershock sequences recorded 
over 12 days by a local network of ten three-component seismometers during the 1982 Enola, 
Arkansas, earthquake swarm as the test data set (Chiu et al., 1984). Seven stations had 
velocity transducers with a natural frequency of 2 Hz and three stations had force balance 
accelerometers with a natural frequency of 80 Hz. Eighty-eight local events were recorded by 
the digital network during this period. Sixty-two of these gave 300 seismograms with good 
signal-to-signal ratio on all components which were within the shear-wave window (section 
2. 1) plus many more which contributed P-wave observations. 
In this example, a double-couple source mechanism is assumed. We have no reason to 
suppose an alternative mechanism (Pearce and Rogers, 1989) and, in any case, the number 
of seismograms available for each event is insufficient to provide reliable discrimination of 
other mechanisms. 
The velocity model was developed directly from four seismic profiles in the area and 
sonic logs from two wells about 8 km south of Enola were available to constrain velocities 
in the upper two kilometres of the crust. This velocity model with the take-off angles derived 
from the location procedure was used in a raytracing procedure in order to determine the 
angles of emergence (Chiu et al., 1984). 
We first present results from two events that have sufficient observations to allow 
discrimination between Interpretations 1 and 2. The first is the event of 30 June 1982 16:50 
of magnitude 0.0 (Figure 3). Seismograms from eight stations were available. Eight P-wave 
polarities and four reliable shear-wave measurements were used (Figure 3 and Table 2). The 
measurements made assuming Interpetation 1 gave no focal mechanisms compatible with all 
the data, but focal mechanisms were obtained using Interpretation 2. We therefore conclude 
that these seismograms are inconsistent with the assumption that the S wave is unsplit, but 
that they are consistent with the observation of first and second split S waves. The range of 
focal mechanisms obtained using Interpretation 2 are shown on a stereographic projection of 
the upper focal hemisphere in Figure 3, together with the stations. These solutions represent 
0.003% of the possible orientations, and this range represents the confidence in the orientation 
which results directly from the amplitude bounds on the measurements (Pearce 1980). The 
resulting focal mechanism places station HHL close to a nodal plane which is confirmed by 
the small amplitude P waves observed on the seismograms. 
The second event is that of 1 July 1982 04:04 of magnitude 0.2 (Figure 4). Seismograms 
from four stations were available (Figure 4), and three P-wave onsets and two reliable S-wave 
measurements were used (Figure 4 and Table 3). Again, no compatible focal mechanisms 
were obtained using the measurements of Interpretation 1. but solutions were obtained for 
Interpretation 2. Figure 4 shows the range of compatible solutions obtained for Interpretation 
2. 
The above two examples are shown to be compatible with the interpretation of the S -
wave arrivals in terms of splitting caused by seismic anisotropy along the raypaths, and are 
incompatible with the interpretation of the S waves as unsplit. In four other events, there were 
sufficient data to obtain well-constrained focal mechanisms under the same assumption 
(Interpretation 2), but for these other events results were also obtained for Interpretation 1, 
so that these other events cannot be used to provide definite evidence of anisotropy. In view 
of the fact that the raypaths sampled by these other events are similar, we proceed by 
assuming the existence of anisotropy along these raypaths and present focal mechanism results 
for additional events under this assumption. 
We show one of these events in detail, before giving a summary of the results for all these 
four events. Seismograms for the event of 26 June 1982 12:04 of magnitude 2.3 are shown 
in Figure 5. In this case only three stations were available, and three P-wave onsets and three 
S-wave measurements were incorporated in the computation (Table 4). It is not surprising that 
in this case both interpretations provided solutions, since only three stations are used. 
However, a well-constrained solution is still obtained assuming Interpretation 2. 
4. DISCUSSION AND CONCLUSIONS 
Allowance for the possible existence of shear-wave splitting is essential if locally recorded 
S waves are to be used in the determination of focal mechanisms for microearthquakes. A 
scheme for doing this, using the relative amplitude method of Pearce (1980) and Pearce and 
Rogers (1989) has been proposed, and applied to events from a microearthquake sequence in 
a stable continental location where the benefit of a simple velocity structure tends to yield 
simple earthquake seismograms. For two of these events there were sufficient data to 
demonstrate that the observations were consistent with a double-couple source when 
allowance was made for the observed anisotropy (Interpretation 2) but were inconsistent with 
a double-couple source when the first arriving S wave was assumed to be an unsplit S wave 
(Interpretation 1). Two good-quality well-distributed observations were available within the 
shear-wave window for one of these two events, and four for the other event. Where there 
are several good quality pre-critical shear-wave observations, this provides useful evidence 
of anisotropy which does not rely solely on the correct interpretation of particle motion 
diagrams. 
Focal mechanisms were then computed for four other earthquakes (Figure 6), with 
allowance for observed shear-wave splitting (Interpretation 2). These events had a maximum 
of three good quality observations within the shear-wave window, but there were insufficient 
data to discriminate between the interpretations. Nevertheless, well-constrained focal 
mechanisms were obtained assuming Interpretation 2, which is a reasonable assumption since 
the raypaths were all similar to those of the first two events. We conclude that two well-
distributed good quality shear-wave observations, together with P waves, may be sufficient 
to obtain well-constrained solutions, but that more are normally required to discriminate 
between the split shear-wave and the unsplit shear-wave interpretations. 
We now compare our results with those of other workers who determined composite focal 
mechanisms for earthquakes in the Arkansas sequence using P-wave polarities alone (Figure 
7). Chiu et al. (1984) computed composite focal mechanisms for cluster of events using P-
wave onsets and their results indicated predominantly strike-slip motion with the P axis 
oriented NE-SW. This is in agreement with the composite focal mechanism that was 
determined from P-wave first motions recorded on three smoked-drum recorders (Johnston 
and Metzger, 1982). The focal mechanisms of the six events presented here require a P axis 
orientated NE-SW, which agrees with the above results and is also consistent with the 
regional stresses computed by Zoback and Zoback (1980). 
We have demonstrated that it is possible to determine focal mechanisms for individual 
microearthquakes in the presence of anisotropy by applying the relative amplitude method to 
P waves and three-component S waves. We have also shown that if sufficient observations 
are available, the identification of shear-wave splitting can be confirmed by examining the 
compatibility of the shear-wave observations with a double-couple radiation pattern. This 
provides an independent confirmation of shear-wave splitting. The ability to determine 
individual focal mechanisms enables the variation of focal mechanisms within 
microearthquake clusters to be examined. The results demonstrate the importance of placing 
as many stations as possible within the shear-wave window to obtain sufficient usable shear-
wave data. In future work, additional examples of three-component S waves of 
microearthquakes in shield areas will be examined, to provide further information on the 
circumstances in which this type of approach is feasible. 
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7. TABLES 
TABLE 1: Measurements made from seismograms in Figure 2. 
P-wave 	S-wave 	 S-wave 
(Interpretation 1) (Interpretation 2) 
V: * +ve X: 10 to 20 +ve X: 10 to 20 +ve 
Y: 0 to 2 U 	Y: 2 to 5 +ve 
Note: The symbol * denotes no amplitude constraint 
TABLE 2: P- and S-wave measurements for the Event of 30 June 1982 16:50. Figure 3. 
Station name 	P-wave 	S-wave S-wave 
(Interpretation 1) 	(Interpretation 2) 
ENA V: * 	-ye X: 	10 to 	15 +ve X: 	10 to 15 +ve 
Y: 	0 to 	2 U Y: 	2 	to 4 +ve 
HHL V: * 	+ve X: 	10 to 	15 +ve X: 	10 to 15 +ve 
Y: 	0 to 	2 U Y: 	6 to 8 +ve 
EKR V: * 	-ye X: 10 to 	20 +ve 10 to 15 +ve 
Y:Oto 	2 * -ye 
MHC V: * 	+ve X: 	10 to 	15 +ve X: 	10 to 15 +ve 
Y: 	0 to 	2 U Y: 	6 to 8 +ve 
CMG V : * +ve 
WIL V: * 	+ve 
CYC V: * 
WMN V: * 	-ye 
Note: The symbol * denotes no amplitude constraint 
TABLE 3: P- and S-wave measurements for the Event of 1 July 1982 04:04, Figure 4. 
Station name P-wave S-wave S-wave 
(Interpretation 1) (Interpretation 2) 
MIIC V: * 	+ve X: 10 to 	12 +ve X: 	10 to 12 	ve 
Y: 	0 to 	2 U Y: 	6 to 12 +ve 
HHL 
	
X: 10 to 12 +ve 	X: 10 to 12 +ve 
Y: 0 to 2 U 	Y: 6 to 10 ±ve 
EKR 	 V: * -ye 
WMN 	 V : * +ve 
Note: The symbol * denotes no amplitude constraint 
TABLE 4: P- and S-wave measurements for the Event of 26 June 1982 12:04, Figure 5. 
Station name 	P-wave 	 S-wave 	 S-wave 
(Interpretation 1) 
(Interpretation2) 
SDF 	 V: * 	-ye 	X: 20 to 30 +ve  10 to 20 +ve 
Y: 	0 to 2 U  3 	to 4 -ye 
HHL 	 V: * 	-ye 	X: 10 to 20 +ve  10 to 20 +ve 
Y: 	0 to 2 U  5 	to 8 	-ye 
MHC 	 V: * 	+ve 	X: 10 to 20 +ve  10 to 20 +ve 
Y: 	0 t 2U  3 	t 5U 
Note: The symbol * denotes no amplitude constraint 
8. FIGURE CAPTIONS 
Figure 1: a) Three dimensional view of raypath geometry and polarisation directions (Lleft. 
R=Tight, A=away, T=towards, U=up, Ddown). For steep raypaths most of the shear-wave 
energy is in the horizontal plane. Polarisations are measured with respect to the radial (A-T) 
and transverse (L-R) axes. The vertical component is used to identify S-to-P conversions. b) 
Two dimensional plan view showing the two rotations 
Figure 2: a) Example of three-component seismogram, showing the P and S waves. b) 
Horizontal traces rotated from north and east to Radial (R) and Transverse (T). c) Shows the 
horizontal traces rotated again into the polarisation direction of the first arrival, X, and the 
direction perpendicular to it, Y. The particle motion diagrams that correspond to the marked 
time windows are used to define the polarisation direction. In c) Interpretation 1 is shown, 
in which the measured polarisation is assumed to represent an unsplit shear wave, and is 
related directly to the polarisation at the source. The slightly later arrival on the Y component 
is assumed not to be a direct shear wave. d) Shows Interpretation 2, in which anisotropy is 
assumed to be present and the measured polarisation is assumed to represent the first split 
shear wave. In this case the first (slightly later) arrival on the Y component is assumed to be 
the second split shear wave. The time delay between the two arrivals is measured from the 
particle motion diagrams in order to realign the two arrivals and therefore restore the unsplit 
shear-wave polarisation. Polarity and amplitude measurements are shown in Table I. 
Figure 3: Event of 30 June 1982 16:50. Equal area projection of the upper focal hemisphere 
showing the range of compatible focal mechanisms obtained when anisotropy is taken into 
account (Interpretation 2), with the seismograms rotated to the X and Y directions. Arrows 
on the seismograms denote the P and S arrivals. The Y seismograms are shown before time-
shifting. The solid circles on the equal area projection mark compression and the open circles 
dilatation. The solid arrow marks the polarisation direction of the first split shear wave, the 
dashed arrow marks the polarisation direction corresponding to the compatible solutions, and 
the pie-slice shows the range of the observed polarisation directions. The solutions are plotted 
at 2° intervals. The amplitude and polarity measurements are shown in Table 2. No 
mechanism is compatible with the data if shear-wave splitting is assumed to be absent 
(Interpretation I). 
Figure 4: Event of 1 July 1982 04:04. Seismograms from another example that provided 
well-constrained focal mechanisms after allowing for anisotropy (Interpretation 2), and no 
compatible mechanisms when anisotropy was presumed not to be present (Interpretation I). 
Details as for Figure 3 except that the solutions are plotted at 5° intervals. The amplitude and 
polarity measurements are shown in Table 3. 
Figure 5: Event of 26 June 1982 12:04. Seismograms from an event that provided solutions 
for both interpretations, indicating that the data are not sufficient to draw any conclusion 
about the source. The focal mechanisms obtained with Interpretation 2 are shown on an equal 
area projection of the upper focal hemisphere. The solutions are plotted at 10° intervals to 
illustrate better the range of the solutions obtained. Table 4 shows the amplitude and polarity 
measurements for both interpretations. 
Figure 6: Equal area projections of the upper focal hemisphere for the six events that 
provided well-constrained mechanisms when anisotropy was taken into account (Interpretation 
2). For each event the range of orientations compatible with the data is shown. 
Figure 7: a) Composite focal mechanism of Arkansas sequence of earthquakes determined 
from P wave first motions recorded on three smoked-drum recorders (after Johnston and 
Metzger, 1982). b) Composite focal mechanisms for cluster of Arkansas sequence of 
earthquakes using P wave onsets (after Chiu et al., 1984). Note that these are equal area 
projections of the lower hemisphere. 
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